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ABSTRACT 


We  have  studied  the  high-frequency  behavior  of  niobium 
cat-whisker  point  contacts  using  radiation  from  an  optically 
pumped  far-infrared  (FIR)  laser. 

The  FIR  molecular  laser  had  a dielectric-v/aveguide 
cavity  and  was  pumped  by  a CO^  laser.  We  have  extended  the 
use  of  capacitive-mesh  output  couplers  throughout  the  FIR 
spectrum,  between  42  ym  and  1.2  mm,  and  have  found  the 
optimum  grid  constants  for  several  lines.  At  shorter  wave- 
lengths, the  laser  performance  \^s  improved  by  the  use  of  a 
novel  hybrid  capacitive-mesh  hole  output  coupler. 

We  find  the  coupling  of  the  FIR  radiation  to  the  point 
contact  to  depend  in  a simple  manner  on  the  resistance  of 
the  contact.  The  FIR  laser  radiation  induces  constant- 
voltage  steps  on  the  dc  I-V  curves  of  our  junctions,  allow- 
ing us  to  study  the  high-frequency  ac  Josephson  effect. 

When  the  point  contacts  are  classified  on  the  basis  of 
their  response  to  the  FIR  laser  radiation,  their  dc  I-V 
curves  fall  into  recognizable  groups.  We  find  that  the  ac 
Josephson  effect  has  a strong  correlation  with  the  gap- 
related  structure  on  the  I-V  curve,  but  none  at  all  with  the 
apparent  excess  current  observed  in  all  the  contacts.  For 
high-performance  junctions,  these  and  other  features  of  the 
I-V  curves  are  very  reproducible  from  contact  to  contact, 
allowing  a comparison  with  the  available  theories.  The 
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experimental  evidence  seems  to  suggest  that  our  point  con- 
tacts are  best  modelled  as  extremely  srrall  metallic  con- 
strictions . 

We  have  measured  the  power  dependence  of  the  current 
half-widths  of  the  constant-voltage  steps  using  FIR  fre- 
quencies from  245  GHz  to  2.52  THz  (fundamental  step  voltages 
from  ~0.2  to  ~2  times  the  energy  gap).  We  find  that  the 
shape  of  the  power -dependence  curves  is  fitted  reasonably 
v^ell  by  a voltage-bias  version  of  a theory  that  includes 
the  frequency-dependence  of  the  Josephson  effect.  Hov/ever, 
the  magnitude  of  the  observed  steps  is  considerably  smaller 
than  predicted.  Some  of  this  discrepancy  is  caused  by  heat- 
ing and  noise  effects.  After  corrections  are  made  for  these 
effects,  our  fundamental  step  data  is  used  to  obtain  the  FIR 
frequency  dependence  of  the  Josephson  effect.  Our  data 
verifies  the  intrinsic  roll  off  of  the  strength  of  the 
Josephson  effect  above  the  energy-gap  frequency. 

The  high-quality  junctions  were  tested  as  frequency- 
selective,  incoherent  FIR  detectors,  with  the  dc  bias  in  the 
vicinity  of  the  incipient  laser  step.  The  response  v/as 
found  to  be  linear  in  the  laser  power,  and  the  best  measured 
responsivity  at  604  GHz  was  ~2  x 10  V/W,  while  the  best 
noise  equivalent  pov/er  was  --10“  w//Hz,  v/ith  a 450  Hz  chop- 
ping frequency.  The  NEP  is  limited  by  the  voltage  noise  in 
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the  junction,  which  was  found  to  have  an  approximately  1/f 
frequency  dependence.  The  detector  performance  is  degraded 
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considerably  at  higher  FIR  frequencies.  The  shape  of  the 
laser-induced  steps  was  used  to  measure  the  effective  noise 
temperatures,  which  increase  with  bias  voltage  in  agreement 
with  a heating  model  of  metallic  constrictions.  Also  studied 
was  the  low-laser -power  behavior  of  the  I-V  curves  near  the 
critical  current,  which  may  be  of  importance  for  mixing 
applications  with  external  local  oscillators. 
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INTRODUCTION 

Since  it  was  first  predicted^  in  1962,  the  Josephson 
effect  has  aroused  considerable  interest,  both  for  its  fas- 
cinating fundamental  nature,  and  for  the  potential  applica- 
tions of  Josephson-ef feet  devices.  One  problem  of  particu- 
lar interest  has  been  the  determination  of  both  the  intrinsic 
fundamental  limitations  of  the  high-frequency  behavior  of 
the  Josephson  effect  and  the  practical  limitations  imposed 
on  devices  by  geometry,  material,  and  other  experimental 
parameters.  Josephson-ef feet  devices  can  be  loosely  classed 
into  three  broad  categories:  tunnel  junctions,  microbridges, 
and  point  contacts.  The  high-frequency  performance  of 
tunnel  junctions  is  generally  limited  by  shunt  capacitance. 

There  have  been  recent  advances  in  fabricating  small-area, 

2 

low-capacitance,  high-current-density  tunnel  junctions, 
but  the  high-frequency  Josephson  behavior  of  these  has  not 
yet  been  reported.  The  major  limitation  in  the  high-frequency 

3 

performance  of  microbridges  is  Joule  heating.  Even  the 
best  quality  variable-thickness  bridges  (VTB's),^  whose 
geometry  optimizes  the  removal  of  the  Joule  heat,  are  still 
limited  at  higher  voltages  by  power  dissipation  because  of 
their  characteristically  low  impedance.  Point  contacts,  in 
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particular  the  niobium  "cat-whisker"  type,  avoid  both  these 
problems.  Because  of  their  very  small  area,  their  capaci- 
tance can  be  extremely  small, ^ and  because  of  their  higher 
impedance  and  favorable  three-dimensional  geometry,  the 
effects  of  heating  can  be  minimized.^  In  fact,  cat-whisker 
point  contacts  have  demonstrated  the  best  high-frequency 
performance  of  all  to  date,  showing  direct  evidence  of  the 
ac  Josephson  effect  at  ~8  THz  (17  mV) . Thus  they  are  the 
best  device  for  study  of  the  intrinsic  limitations  in  the 
high-frequency  behavior  of  the  Josephson  effect.  In  this 
report,  we  present  the  results  of  a detailed  study  of  the 
high-frequency  performance  of  niobium  cat-whisker  point 
contacts. 

We  study  the  Josephson  effect  by  monitoring  the  constant- 
voltage  steps  induced  on  the  dc  I-V  curves  by  laser  radia- 
tion.  The  voltage,  V,  of  the  step  is  related  to  the  n^ 
harmonic  of  the  laser  frequency,  nf^^,  by  the  usual  Josephson 
relation,  V = nhf  /2e.  In  practical  units,  the  constant  of 

1j 

proportionality  is  2e/h  = 483.6  GHz/mV.  The  low-temperature 
energy-gap  voltage,  which  is  2A/e  3.1  mV  for  niobium,  sets 
the  voltage  scale  of  interest.  Thus  the  high-voltage  region 
considered  in  this  report  is  approximately  0,5-10  mV.  The 
corresponding  Josephson  frequencies  lie  in  the  far-infrared 
(FIR)  region  of  the  spectrum,  from  ~250  GHz  to  over  5 THz. 

The  source  of  the  required  radiation  was  a molt  -alar 
FIR  laser,  optically  pumped  by  a CO^  laser.  It  could  be 


operated  on  numerous  wavelengths  in  the  FIR,  from  42  |jm 
(7.2  THz)  to  1,22  mm  (245  GHz),  The  output  power  on  the 
stronger  lines  was  typically  ~10  mW,  with  up  to  ~80  mW  on 
the  strongest  line.  The  output  mode  was  nearly  Gaussian, 
so  it  could  be  well  focused.  Chapter  II  contains  a detailed 
description  of  the  laser  system. 

The  method  used  to  fabricate  the  point  contacts,  and 
the  experimental  apparatus  used  to  test  them  are  described 
in  Chapter  III.  Both  the  shape  of  the  dc  I-V  curve  and  the 
high-frequency  performance  of  niobium  cat-whisker  point 

contacts  can  vary  considerably  from  junction  to  junction. 

8 

Chapter  III  also  contains  the  results  of  a systematic  study 
of  the  high-frequency  behavior  of  contacts  with  various  types 
of  dc  characteristics.  A strong  correlation  is  found  between 
the  high-frequency  ac  Josephson  effect  and  certain  features 
on  the  dc  I-V  curves.  In  particular,  we  find  that  the 
sharpness  of  the  structure  at  the  energy  gap  correlates 
strongly  with  the  existence  of  the  ac  Josephson  effect  at 
high  voltages.  We  test  the  junctions  using  two  different 
FIR  frequencies,  looking  either  for  the  fundamental  Joseph- 
son step  induced  by  119  urn  (2.52  THz)  laser  radiation  at 
5.22  mV,  or,  for  a finer  voltage  grid,  the  harmonics  of  the 
1,25  mV  step  induced  by  496  um  (604  GHz)  radiation.  Those 
point  contacts  that  perform  well  at  high  frequencies  and 
show  a strong  Josephson  effect  at  high  voltages  are  found 

Q 

to  be  quite  reproducible  from  junction  to  junction. 


The 


characteristic  features  of  the  I-V  curves  of  these  point 
contacts  serve  to  identify  the  high-quality  junctions  with- 
out the  need  for  a high-frequency  test.  Furthermore,  this 
consistency  and  reproducibility  has  allowed  us  to  study 
quantitatively  the  unique  characteristics  of  this  sort  of 
junction. 

In  Chapter  IV,  we  discuss  the  theoretical  models  that 
have  been  used  to  calculate  dc  I-V  curves  of  Josephson- 
effect  devices,  and  compare  the  calculations  with  our 
measurements.  The  comparison  suggests  some  interesting 
details  about  the  physical  nature  of  the  minute  active  region 
of  the  point  contact.  In  order  to  interpret  the  remainder 
of  our  experimental  data,  we  need  to  relate  the  behavior  of 
tlie  high-frequency  Josephson  effect  to  that  of  the  constant- 
voltage  steps  induced  on  the  dc  I-V  curves.  The  available 
theoretical  models  that  do  this  are  discussed  in  the  latter 
part  of  Chapter  IV. 

Chapter  V contains  a detailed  description  of  the  measure- 
ment of  the  intrinsic  FIR  frequency  dependence  of  the  strength 
of  the  Josephson  step.  We  have  measured  the  power  dependence 
of  the  current  half-widths  of  the  constant-voltage  steps 
induced  by  six  different  laser  frequencies.  We  find  that 

q 

these  are  remarkably  reproducible  from  junction  to  junction, 
showing  that  the  high-quality  point  contacts  are  as  consistent 
in  their  high-frequency  behavior  as  they  are  in  their  dc  I-V 
characteristics.  We  use  the  maximum  current  half-width  of 
the  fundamental  laser-induced  step  normalized  to  the  zero- 
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power  critical  current,  a measure  of  the  strength 

of  the  Josephson  effect  at  the  laser  frequency, The 

measured  value  of  must  be  corrected  for  the  effects 

of  noise  rounding  and  heating,  both  of  which  are  discussed 

in  Chapter  V,  The  corrected  values  of  for  a series 

•1.  c 

of  laser  frequencies  give  a measure  of  the  intrinsic  fre- 
quency dependence  of  the  Josephson  effect. 

Josephson  cat-whisker  point-contact  devices  have  con- 
siderable promise  as  detectors,  mixers,  and  oscillators. 

The  extension  of  the  operating  range  to  FIR  frequencies 
introduces  questions  concerning  their  high-frequency  per- 
formance and  the  importance  of  additional  noise  resulting 
from  the  higher  levels  of  dissipated  power.  In  an  attempt 
to  investigate  some  of  these  questions,  we  have  measured 
the  characteristic  noise  levels  of  our  high-quality  junctions, 
both  with  and  without  incident  FIR  radiation.  In  Chapter  VI, 
v/e  use  the  analysis  of  the  noise  rounding  of  Josephson 
steps  at  high  laser  power  levels  to  measure  the  effective 
noise  temperature  as  a function  of  bias  voltage.  We  find 
that  it  is  consistent  with  heating-enhanced  Johnson  noise 
but  not  with  shot  noise.  In  order  to  study  their  performance 
as  a frequency-selective,  incoherent  detector,  we  examine 
the  response  of  the  junctions  to  low  levels  of  FIR  laser 
radiation  in  the  vicinity  of  the  incipient  first  step.  The 
minimum  detectable  power  in  this  case  is  limited  by  low- 
frequency  voltage  fluctuations.  We  have  measured  the 
spectral  density  of  these  fluctuations  from  ~10  Hz  to  ~30 
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kHz,  and  present  the  results  in  Chapter  VI.  We  also  note 
the  peculiar  behavior  of  the  dc  I-V  curves  near  the  criti- 
cal current  when  our  junctions  are  irradiated  by  low  levels 
of  laser  radiation,  which  may  be  of  importance  in  mixing 
applications  with  an  external  local  oscillator.  Chapter  VI 
closes  with  a summary  of  the  results  obtained  to  date  with 
Josephson  point-contact  mixer-receivers,  and  discusses  their 
future  potential  as  useful  devices. 

The  major  conclusions  of  this  work  are  summarized  in 
Chapter  VII. 
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CHAPTER  II 


FAR-INFRARED  LASER 


2.1  Introduction 

FIR  laser  action  in  an  optically  pumped  molecular  gas 

12 

was  first  reported  by  Chang  and  Bridges  in  1970.  Improve- 
ments and  advances  in  the  technology  were  rapid,  and  now 
optically  pumped  lasers  are  an  important  and  widely  used 

source  of  FIR  radiation,  with  over  700  lines  having  been 
13 

reported.  This  chapter  describes  in  detail  the  laser 

\ 

system  used  for  these  experiments. 

The  following  section  gives  a very  brief  outline  of  the 
theory  of  an  optically  pumped  FIR  laser.  Section  2.3  con- 
tains a description  of  the  CO^  pump  laser,  and  the  FIR 

cavity  is  described  in  Section  2.4.  An  important  component 

14 

of  the  FIR  cavity  is  the  capacitive-mesh  output  coupler, 
described  in  detail  in  Section  2.5.  Finally,  the  typical 
performance  characteristics  of  the  laser  system  are  described 
in  Section  2.6. 

2.2  Simple  Theory 

The  basic  principles  of  an  optically  pumped  FIR  laser 
are  quite  simple.  The  pump  radiation,  usually  supplied  by 
a CO^  laser,  is  absorbed  in  the  lasing  molecule,  raising  it 
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to  a particular  rotational  sublevel  of  an  upper  vibrational 
state  that  is  otherv/ise  essentially  unpopulated  within  the 
Boltzman  distribution  in  thermal  equilibrium.  Lasing  action 
then  occurs  between  the  excited  level  and  the  next  lower 
rotational  sublevel  within  the  pumped  vibrational  band.  The 
resulting  laser  radiation  is  in  the  FIR  region  of  the  spec- 
trum. The  FIR  laser  transitions  have  a preferential  polari- 
zation with  respect  to  the  pump.  Thus  a linearly  polarized 
pump  beam  will  result  in  an  FIR  beam  polarized  either  par- 
allel or  perpendicular  to  the  pump,  depending  on  the  particu- 
lar lasing  transition  involved. 

Optical  pumping  is  a very  efficient  means  of  excitation. 
Because  of  the  narrow  bandwidth  of  the  CO^  laser,  only  a 
single  rotational  (J)  sublevel  is  populated,  unlike  discharge 
lasers  where  there  is  no  control  over  the  upper  levels  th^^t 
are  excited.  However,  the  narrow  bandwidth  of  the  pump  also 
creates  problems.  It  must  lie  within  the  absorption  band- 
width of  the  lasing  molecule,  which  limits  the  useful  transi- 
tions to  chance  coincidences  between  the  pump  and  absorbing 
transitions.  Furthermore,  since  the  absorption  is  highly 
frequency  dependent,  the  CO^  laser  must  be  tuned  within  its 
Doppler -broadened  gain  bandwidth  to  maximize  the  FIR  output 
intensity.  This  puts  more  stringent  requirements  on  the  CO^ 
laser  stability. 

More  detailed  theories  of  the  optically  pumped  FIR 

15-17 

laser  have  been  developed.  All  rely  on  rate  equations 

to  give  the  qualitative  dependences  of  the  output  power  on 
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various  parameters  such  as  lasing  gas  pressure,  pump  fre- 
quency, and  the  pump  absorption  coefficient.  However,  con- 
siderable spectroscopic  data  on  the  lasing  molecule  is  re- 
quired for  a detailed  comparison  to  experiment.  Thus  only 
one  molecule,  for  which  enough  spectroscopic  data  is 

available,  has  been  treated  in  detail. Good  agreement  is 
found  between  the  theory  and  experiment  for  this  case.  None 

of  these  theories  includes  the  effects  of  two-photon  or 

18 

Raman-type  processes,  which  can  also  be  important. 

For  operation  well  above  threshold,  a simplified  expres- 

19 

Sion  for  the  FIR  output  power  is 


Here,  Pp  respectively  the  FIR  output  power  and 

pump  power  entering  the  cavity;  ^nd 

pump  frequencies;  g^  and  g^  are  the  degeneracies  of  the  upper 
and  lower  lasing  sublevels;  T is  the  fraction  of  the  FIR 
power  coupled  out  per  pass;  A is  the  single  pass  FIR  cavity 
loss;  6 is  the  excited  state  FIR  absorption  per  pass;  a is 
the  fraction  of  the  pump  power  absorbed  in  the  lasing  gas; 
and  gp  is  the  fraction  of  the  pump  power  lost  due  to  absorp- 
tion in  the  walls  and  mirrors  of  the  FIR  cavity. 

The  rotational  sublevels  involved  in  lasing  generally 
have  quite  high  J quantum  numbers.  Thus  g^  ~ g^#  the 

first  term  in  Eq.  (2.1)  is  always  ^ j , This  term  reflects 


r 
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the  fact  that  the  upper  and  lower  lasing  state  lifetimes 

are  approximately  equal  and  the  laser  is  operating  in  a 

saturated  condition.  For  every  two  molecules  excited 

(assuming  g^  = 93)/  can  contribute  to  the  output  power 

by  emitting  an  FIR  photon  and  decaying  to  the  lower  state, 

but  this  then  destroys  the  population  inversion  necessary 

for  laser  action.  Thus,  only  ~ ^ the  excited  molecules  can 

contribute  to  the  output.  The  second  term  in  Eq.  (2.1)  is 

20 

the  familiar  Manley-Rowe  condition.  Since  the  laser  action 
is  really  an  energy  down-conversion  process,  the  maximum 
available  output  power  is  limited  by  the  ratio  of  output  to 
input  photon  energies  for  the  optimum  case  of  one  photon  in 
giving  one  out.  The  third  term  in  Eq.  (2,1)  represents  the 
effect  of  the  FIR  losses  due  to  either  absorption  in  the 
excited  state  (5)  or  the  cavity  (A)  compared  to  the  fraction 
lost  to  usable  output  power  (T) . The  last  bracketed  term 
in  Eq,  (2.1)  represents  the  fraction  of  the  pump  power  use- 
fully absorbed  in  exciting  the  lasing  gas. 

The  first  two  bracketed  terms  in  Eq.  (2,1)  set  the 
theoretical  upper  limit  to  output  power.  It  is  useful  to 
define  the  conversion  efficiency. 
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Because  the  laser  action  is  an  energy  down-conversion  process, 

_2 

It  is  very  inefficient,  with  n ~ 5 x 10  at  an  FIR  wave- 

max 

length  of  100  |im,  and  ~ 5 x 10“^  at  1 mm. 

How  closely  the  experimental  r\  approaches  depends  on 

the  success  in  optimizing  the  other  two  terms  of  Eq,  (2,1), 
According  to  Eq.  (2,1),  the  experimentally  controllable 
parameters  that  reduce  the  conversion  efficiency  are  the  FIR 
losses  due  to  A and  6 and  the  pump  losses  due  to  The 

detrimental  effects  of  the  FIR  losses  can  be  kept  quite 
small,  A well  designed  FIR  cavity  can  keep  A to  just  a few 
percent,  while  allowing  a reasonably  high  fraction  of  the 
power  to  be  coupled  out,  thereby  increasing  T,  The  excited 
state  absorption  is  pressure  dependent,  and  thus  can  be  kept 
small  by  using  low  pressures.  It  is  the  last  bracketed  term 
in  Eq.  (2,1)  that  is  the  most  difficult  to  optimize.  For 
most  gases  used,  a is  quite  small,  with  the  typical  absorp- 
tion coefficients  in  the  range  of  0,1-0,01  m~^  at  the  working 
21 

pressures.  It  is  thus  essential  to  have  good  coupling  of 
the  pump  radiation  to  the  FIR  cavity  mode  to  minimize  Pp. 

Even  so,  the  combination  of  relatively  high  cavity  pump 
losses  and  low  pump  absorption  is  the  major  cause  of  the  poor 
r obtained  experimentally. 

The  pump  absorption  can  be  increased  by  raising  the 
pressure  of  the  lasing  gas.  However,  besides  increasing  6, 
a higher  pressure  c’so  increases  the  rotational  cross- 
relaxation rate  Yj^/  due  to  collisions.  This  is  the  rate  at 
which  the  excited  atoms  are  thermalized  among  all  the  J 
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sublevels  of  the  upper  vibrational  band.  The  thermaliza tion 
occurs  rapidly  because  of  the  small  energy  differences  be- 
tween the  J levels  compared  to  k_T.  For  example,  at  room 
temperature  and  for  = 500  um,  hv„Tr.Ac^  0.1.  The  col- 

r ±K  r J.K  B 

lisions  cause  nonradiative  transitions  out  of  the  upper  lasing 
state,  and  the  resulting  thermalization  creates  a Boltzman- 
like  distribution  of  states  in  the  upper  vibrational  band, 
destroying  the  population  inversion.  This  effectively  limits 
the  operating  pressure  to  --  0.1  mTorr. 

Another  major  limitation  of  the  efficiency  of  these  FIR 
lasers  is  the  relatively  slow  vibrational  relaxation  rate, 
of  the  excited  vibrational  band  compared  to  the  rotational 
cross-relaxation  rate,  Yj^/  v/ithin  the  band  (yj^  » Yy)  • This 
creates  a bottleneck  for  removing  molecules  from  the  lower 
laser  level,  and  increases  the  thermalization  within  the 
excited  vibrational  state  due  to  rotational  cross-relaxation. 
Furthermore,  (y^)  ^ is  the  effective  lower-laser-state  life- 
time, and,  for  operation  well  above  threshold,  a decrease 
in  this  lifetime  would  increase  the  output  power.  Thus  tech- 
niques to  increase  can  lead  to  higher  operating  Pressures 

and  therefore  to  higher  output  powers.  One  such  technique 

22  23 

is  to  reduce  the  diameter  of  the  FIR  cavity,  ' to  decrease 
the  molecular  diffusion  time  to  the  walls.  A collision 


with  the  cavity  wall  will  effectively  relax  a molecule  from 
the  excited  vibrational  state.  This  technique  is  success- 


ful with  some,  but  not  all,  laser  gases, 


P 


The  addition  of 
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an  appropriate  buffer  gas  to  collisionally  de-excite  the 
; 25 

‘ pumped  molecules  will  also  increase  y...  This  method  has 

I been  quite  successful  with  CH^P,  using  as  a buffer  gas. 

, Despite  recent  improvements,  the  experimentally  achieved 

Ti  remain  quite  low.  Using  the  best  systems  designed  to  date, 

the  strongest  FIR  lines  have  typical  experimental  ri  of  only 
2 6 

~ 10%  of  The  weaker  lines  have  considerably  lower  ri. 

Thus  there  is  still  room  for  improvement,  although  the  over- 
all efficiency  will  always  be  low. 

2.3  CO^  Laser 

Tlie  pump  power  was  supplied  by  a modified  commercial 
27 

CO^  laser.  It  had  a 12-mm-dia.,  l.S-m-long  cavity,  whose 
active  region  was  enclosed  by  two  ZnSe  Brewster— angle  windows. 
It  was  tuned  to  a single  CO^  transition  by  a 75  lines/mm 
grating,  which  served  as  one  end  mirror.  The  other  end  mir- 
ror, which  was  a semi-transparent  output  coupler,  had  a 20  m 
radius  of  curvature  and  was  mounted  on  a PZT  stack  for  fine 
frequency  tuning  of  the  output  within  the  Doppler -broadened 
CO^  gain  bandwidth.  The  relatively  large  radius  of  curvature 

j of  the  output  coupler  helped  to  reduce  the  divergence  of 

28 

the  output  beam  and  to  improve  the  selectivity  of  the  grat- 
ing. The  laser  cavity  was  mounted  on  a granite  base  and 
enclosed  by  a metal  cover  to  improve  the  thermal  stability. 

The  very  large  gain  of  the  CO^  laser  could  create  problems 
by  allowing  lines  to  lase  even  if  their  cavity  mode  required 
a reflection  on  the  side  wall  of  the  laser  tube.  This 

I 
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caused  two  or  even  three  adjacent  CO^  lines  to  lase  at  the 

same  time,  and  the  output  mode  did  not  have  the  Gaussian- 

like  shape  required  for  good  focusing.  These  problems  were 

corrected  by  the  use  of  an  output  coupler  with  a lower 
29 

reflectivity,  which  decreased  the  optical  feedback  and 
made  the  off-center  lines  less  likely  to  lase.  Output  coup- 
lers with  reflectivities  of  36%  and  65%  were  used  for  the 
stronger  and  weaker  CO^  lines  respectively.  With  careful 
adjustment  of  the  alignment,  a nearly  Gaussian  output  beam 
containing  only  the  required  laser  line  could  be  obtained 
over  most  of  the  PZT  scan.  Single-line  output  powers  were 
typically  ~ 12-25  W in  the  9.5  pm  bands  and  ~ 20-50  W in  the 
10,5  pm  bands. 

In  order  to  maintain  a good  output  mode  shape,  it  v;as 
essential  that  the  Brews ter -angle  windows  be  kept  clean. 
Small  amounts  of  dirt  on  the  surface  would  cause  the  laser 
to  operate  in  higher-order  modes.  In  particular,  a thin 
film  was  found  to  be  deposited  on  the  inner  surface  of  the 
windows  while  the  laser  was  in  operation.  This  built  up 
slowly  in  time,  causing  both  the  power  and  mode  structure 
to  deteriorate.  The  problems  were  avoided  by  ultrasonic 
cleaning  of  the  Brews ter -angle  windows  in  a soap  and  water 
bath  after  every  ~ 100  hours  of  CO2  laser  operation, 

2,4  Far-Infrared  Cavity 

The  most  efficient  FIR  laser  performance  obtained  to 
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date  has  been  with  relatively  large-diameter,  highly  over- 

2 6 

moded  dielectric-waveguide  cavities „ A Gaussian  CO^  pump 

beam  can  be  coupled  in  with  large  f-number  (~  f/50-f/200) 

optics  through  a central  coupling  hole  in  one  mirror.  It 

21 

will  couple  to  the  FIR  cavity  very  efficiently,  and  will 
undergo  one  or  more  round  trips  before  interacting  with  the 
walls.  Furthermore,  even  the  relatively  large  (2-4  mm-dia.) 
coupling  hole  required  for  the  high  f-number  focusing  optics 
gives  only  small  FIR  losses  ( ^1%),  Increasing  the  number 
of  CO^  pump-beam  passes  increases  a;  decreasing  the  inter- 
action of  the  pump  beam  v/ith  the  cavity  walls  decreases  pp. 
The  net  result  is  an  improved  conversion  efficiency. 

The  FIR  properties  of  the  cavity  are  also  excellent. 

Because  it  is  so  highly  overmoded  (2r  » where  r is  the 

3 0 

cavity  radius),  the  FIR  propagation  losses  are  quite  small. 

The  lowest  losses  and  is  linearly  polarized 

and  nearly  Gaussian  in  shape.  This  mode  can  be  efficiently 

excited  by  the  linearly-polarized,  Gaussian  pump  beam.  It 

also  transforms  efficiently  into  the  Gaussian  free- 

space  mode  so  that  the  mirrors  can  be  external  to  the  wave- 

31 

guide  without  incurring  large  losses.  This  simplifies  the 

design  and  operation  of  the  laser  cavity.  Finally,  the  out- 
32 

put  mode  shape  is  nearly  Gaussian  for  good  focusing  and  is 
linearly  polarized  for  efficient  coupling  to  a polarization- 
sensitive  detector. 

The  laser  system  is  shown  schematically  in  Fig.  2.1. 
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The  FIR  cavity  was  a 38-mm-dia.,  3-in-long  Pyrex  industrial 
pipe  with  two  flat  end  mirrors.  Using  an  ~ f/50  focusing 
mirror,  the  CO^  beam  was  injected  into  the  cavity  through 
a BaF^  vacuum  window  and  a 3-mm-dia,  central  coupling  hole 
in  the  back  mirror.  This  mirror  was  mounted  on  a differential- 
micrometer  -driven  translation  stage  with  two  bellows  vacuum 
seals  to  the  cavity.  This  allowed  the  cavity  length  to  be 
tuned,  which  was  necessary  because  the  frequency  separation 
of  the  cavity  modes  is  larger  than  the  gain  bandwidths  of 
the  FIR  laser  lines.  The  second  mirror  served  as  both  the 
output  coupler  and  a vacuum  windov/.  The  laser  was  always 
operated  in  the  sealed-off  mode  and  was  pumped  with  a dif- 
fusion pump  to  attain  the  required  vacuum, 

33 

The  FIR  output  beam  was  monitored  by  a thermal  detector 
fed  by  a beamsplitter.  At  longer  wavelengths  (X  > 300  (jm) 
various  thicknesses  of  plexiglass  were  used  as  attenuators 
to  vary  the  intensity,  v/hile  different  thicknesses  of  mylar 
served  the  same  purpose  at  shorter  wavelengths . The  polari- 
zation of  the  output  beam  could  be  rotated  90°  by  rotating 
that  of  the  pump  beam  with  a polarization  flipper 

2,5  Capacitive-Mesh  Output  Coupler 

In  order  to  take  full  advantage  of  the  favorable  charac- 
teristics of  the  FIR  cavity,  it  is  important  to  use  a well 
designed  output  coupling  mirror,  a component  which  has 
received  much  attention  recently.  This  mirror  should  have 
high  reflectivity  at  the  pump  wavelength,  Xp,  partial 
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reflectivity  and  low  absorptivity  at  the  FIR  wavelength, 

and  should  couple  out  over  a broad  area  of  the  laser 

mode  to  limit  diffraction.  Among  the  schemes  that  have  been 

used  to  meet  these  requirements  are:  a)  hybrid  metal  mesh 

dielectric  (MMD)  mirrors,  ' b)  hybrid  metal  dielectric 

hole  (MDH)  couplers, c)  etalons, and  d) 

38 

capacitive-mesh  couplers.  We  have  extended  the  use  of 
capacitive-mesh  couplers  throughout  the  FIR  spectrum,  and 
have  used  a novel  hybrid  capacitive-mesh  hole  coupler  for 

1 

improved  performance  at  shorter  FIR  wavelengths. 

! We  have  chosen  to  use  capacitive-mesh  couplers  because 

t 

; of  the  relative  simplicity  and  lov/  cost  of  their  fabrication 

i 

I compared  to  the  other  schemes.  Unlike  etalons,  the  sub- 

j strata  thickness  does  not  have  to  be  finely  adjusted;  unlike 

j MMD  couplers,  their  fabrication  does  not  require  photolitho- 

i 

' graphic  masking  techniques;  and  unlike  MMD  and  MDH  couplers, 

they  do  not  require  a dielectric  reflection  coating  for  the 
pump  radiation.  The  capacitive  mesh  itself  meets  the  reflec- 
tivity requirements  at  both  the  pump  and  the  FIR  wavelengths. 
The  mesh  period,  g,  [see  Fig.  2.2(a)]  is  comparable  to 

r IR 

39 

for  partial  FIR  transmission,  but  is  much  greater  than  Xp 
for  reasonably  high  reflectivity  of  the  10-ijm-pump  radiation. 
The  high  reflectivity  at  Xp  allows  the  use  of  a crystal- 
quartz  substrate  which  is  strongly  absorbing  at  10  pm,  elimi- 
nating the  necessity  of  filtering  any  remaining  pump  power 
from  the  output.  It  also  removes  the  need  for  a dielectric 


r 
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WAVELENGTH  (/im) 


Fig.  2.2  Calculated  transmission  of  capacitive  meshes 
on  crystal  quartz  as  a function  of  wavelength.  The  thin 
line  shows  the  etalon  effects  for  mesh  #G  on  a 2-nvn- 
thick  quartz  substrate.  The  inset  on  the  upper  right 
shows  schematically  (a)  a capacitive-mesh  output  coupler 
and  (b)  a hybrid  capacitive-mesh  hole  coupler. 
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coating,  reducing  the  FIR  absorption  losses  which  can  other- 

21 

wise  become  quite  severe  for  ^ 100  ijm.  Finally,  by 

r IR 

using  different  values  of  g,  the  FIR  feedback  at  any  given 

1 can  be  relatively  finely  tuned, 

Jb  XK 

The  capacitive-mesh  couplers  were  made  on  2-mm-thick, 

z-cut  crystal-quartz  substrates,  optically  polished  on  both 

40 

sides.  A horizontal  inductive  mesh  (the  complementary 

structure  to  the  capacitive  mesh)  of  the  appropriate  g 

served  as  both  the  support  and  the  mask  for  the  substrate 

v/hile  about  300  nm  of  A1  was  vacuum  deposited  from  below  to 

form  the  capacitive  mesh.  A1  was  used  both  for  its  low  cost 

and  good  adhesion;  the  substrates  could  be  used  repeatedly 

(they  were  easily  cleaned  in  a solution  of  KOH  in  water)  and 

the  masks  could  be  used  for  several  evaporations.  Attempts 

to  use  Au  were  much  less  successful  as  shadowing  effects 

led  to  poorly  defined  mesh  structure. 

39 

Figure  2.2  shov/s  the  calculated  FIR  transmission  of 
various  capacitive  mashes  as  a function  of  wavelength.  The 
mesh  is  assumed  to  be  on  an  (infinite)  crystal-quartz  sub- 
strate, and  absorption  losses  have  been  neglected.  The 
exact  transmission  will  be  influenced  by  substrate  eta Ion 

30 

effects  as  shown  by  the  thin  line  in  Fig.  2.2,  v/hich  is 
the  calculated  transmission  of  mesh  #G  on  a 2-mm-thick  quartz 
substrate.  In  those  cases  where  the  thickness  of  the  sub- 
strate is  known  to  sufficient  accuracy,  the  calculated  trans- 
missions are  in  good  agreement  v/ith  those  measured  experi- 
mentally. For  example,  at  496  um,  the  measured  transmission 
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of  the  substrate  and  mesh  with  g = 318  i_im  was  ~ 10%,  while 

the  calculated  value  was  ~ 7%.  On  the  same  substrate,  a 

mesh  with  g = 254  urn  had  a measured  transmission  of  ~ 25%  i 

compared  to  the  calculated  value  of  ~ 24%,  The  use  of  a '• 

plot  similar  to  Fig,  2,2,  and  which  included  all  the  avail-  ; 

able  electroformed  meshes  suitable  for  masks  was  helpful  j 

I 

as  a guide  in  the  initial  determination  of  appropriate  g and  \ 

i 

2a  for  a given  If  more  than  one  mesh  giving  the  required  j 

transmission  was  available,  g/2a  was  chosen  to  maximize  the  j 

area  covered  by  metal,  to  improve  the  reflectivity,  I 

Because  they  were  so  simple  to  fabricate,  a number  of  dif-  | 

ferent  mirrors  could  easily  be  tested  to  determine  experi-  | 

mentally  the  optimum  mesh  constants, 

We  have  used  capacitive-mesh  couplers  throughout  the 
FIR  spectrum,  from  42  (^m  to  1,2  mm.  Table  2,1  lists  the 
laser  lines  we  have  tried  with  the  mesh  constants  that  have 
worked  at  those  wavelengths.  When  several  different  meshes 
were  used  for  the  same  line,  the  values  of  g and  2a  for  the 
output  coupler  that  gave  the  best  performance  are  underlined. 

Optimizing  the  FIR  transmission  within  the  range  of  ~(5-50)% 
can  increase  the  output  power  by  ~ (20-50)%,  For  example, 
changing  g from  318  qm  to  254  ij,m  increased  the  496-um-output 
power  by  ~ 25%,  The  stronger  lines  (e,g.,  119  urn)  will 
lase  even  when  they  are  severely  under-  or  over-coupled, 
but  tlie  output  power  is  decreased  by  more  than  an  order  of 
magnitude.  This  list  is  not  meant  to  show  all  of  the 
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Table  2.1 


Mesh  Constants  For  FIR  Wavelengths 


Gas 

Pump  Line 

g(2a)|.nm] 

(Best  values  underlined) 

41.7 

CH^OH 

9P(32) 

34(7.6).^ 

70.5 

CH^OH 

9P(34) 

34(7.6) 

51(14).^ 

118.8 

CH^OH 

9P(36) 

34(7.6)  ; 

51  (14)  ; 76(21)  ; 318  (25)  . 

148.5 

CH3NH2 

9P(24) 

76(21)  ; 

254  (27)  . 

170.6 

CH^OH 

9P(36) 

76(21)  ; 

318  (25) . 

202.4 

CH^OH 

9P(36) 

76(21) . 

233.9 

^2«4 

10R(8) 

212  (36)  ; 

254(27). 

415 

CH2CF2 

10P(14) 

847  (60) . 

496.1 

12 

C H3F 

9P (20) 

254(27)  ; 

318(25) 

554.4 

CH2CF2 

10P(14) 

847 (60) . 

890.0 

CH2CF2 

10P(22) 

847 (60) . 

1221.8 

F 

9P(32) 

564(33)  ; 

847  (60) 0 

a) 

Hybrid  — r^^ 

= 3 mm 

b) 

Hybr  id  — r 

= 8 mm 

c) 

Hybr id  — r ^ 

= 10  mm 

unoptimized  values  of  g which  will  work  for  each  line.  The 

highest  FIR  output  power  is  obtained  with  the  laser  operat- 
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mg  in  the  mode.  Using  the  optimized  mesh  constants, 

we  obtain  typical  output  powers  of  ~ 10  mW  at  496  |im  and 
~ 80  mW  at  119  |_im,  with  ~ 17-20  W pump  power.  With  a 1,2- 
m-long  cavity  we  obtain  at  least  6 mW  at  1,22  mm,  using 
~ Iz  W pump  power. 

We  have  made  some  preliminary  comparisons  with  MDH 
couplers  at  a number  of  and  find  that  the  total  output 

power  seems  to  be  approximately  the  same  (to  within  ~ 50%). 
However,  changing  the  grid  constants  of  the  capacitive-mesh 
couplers  gave  finer  control  of  the  reflectivity  over  the 
central  portion  of  the  coupler  and  allowed  better  optimiza- 
tion and  improved  performance  for  some  X„t,.  Of  course, 

r iK 

the  diffractive  divergence  of  the  output  beam  is  reduced  with 

the  capacitive-mesh  couplers. 

For  X„T„  < 100  urn,  it  v/as  necessary  to  use  a hybrid 
r XK 

capacitive-mesh  hole  coupler  to  obtain  good  laser  performance 
A second  evaporation  produced  a ring-shaped  A1  mirror  and 
left  a center  hole,  of  radius  r^,  covered  only  v/ith  the 
appropriate  capacitive  mesh,  as  shown  schematically  in  Fig, 
2,2 (b).  This  not  only  increased  the  FIR  feedback,  but  also 
considerably  improved  the  CO^  reflectivity,  which  drops  off 
substantially  for  the  mesh  constants  necessary  for  these  Xt,Tn 
At  70.5  uri,  the  best  performance  v^as  obtained  with  r^  = 10  mm 
(compared  to  r = 19  mm  for  the  waveguide  cavity)  and  a mesh 
with  g = 51  urn.  Figure  2.3  shows  a spatial  scan  across  the 
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POSITION 


Fig.  2.3  Scan  across  the  output  of  the  strongest 
mode  at  70.5  um,  using  a 20-mm-dia.  hybrid  capacitive- 
mesh  hole  output  coupler  with  g = 51  pm.  The  detec- 
tor had  an  aperture  of  1 mm  and  was  3.17  m away  from 
the  laser.  The  dots  are  the  calculated  far-field 
pattern  from  Eq.  (2 .4)  in  the  text,  and  are  scaled  only 
to  the  peak  intensity. 
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output  beam  of  the  mode  with  the  highest  output  power,  the 
EHii  mode.  The  far-field  intensity  of  the  mode,  coupled 

out  through  a hole  with  r^^  < r can  be  shown  to  be 


(2.4) 

with  A = B = 2TTsin6/X  . Jq  and  are  the  first 

and  second  Bessel  functions,  u ^ is  the  first  zero  of  J_  and 

0 is  the  angular  displacement.  The  solid  dots  in  Fig,  2.2, 

the  calculated  far-field  intensities  using  Eq.  (2.4),  are 

in  excellent  agreement  with  the  data.  Equation  (2,4)  can 

also  be  used  to  calculate  the  half-angle  divergence  at  the 
-2 

e point. 


0^  = f(r^/r)x/rj^  , (2.5) 

v/here  f(rj^/r)  must  be  evaluated.  The  two  limiting  values 
of  f,  for  a given  r^^,  are:  f (r  » r^^)  0.24,  in  which 

case  the  intensity  across  the  hole  is  uniform  and  the  diver- 
gence is  minimized,  and  f (r  = r^^)  0.54,  in  which  case 

the  intensity  is  peaked  in  the  center  and  the  divergence  is 
maximized,,  In  our  case,  f{r^/r  = 0.52)  ^ 0.43,  so  that  for 
= 70.5  urn,  the  predicted  G is  3.0  mr,  which  is  exactly 
what  is  measured  experimentally. 

The  mirror  quality  of  the  capacitive  mesh  at  Xp  is 
limited  both  by  diffraction  and  absorption  because  the  sur- 
face is  not  completely  covered  with  metal.  Both  of  these 
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problems  become  less  severe  as  g increases.  For  example, 
we  measure  the  specular  reflection  of  the  capacitive -mesh 
coupler  with  g = 254  |jm  to  be  ~ 85%  at  \p.  For  very  small  g, 
the  reflectivity  at  Xp  is  improved  by  the  addition  of  the  A1 
ring.  The  amount  of  CO^  radiation  that  leaks  through  the 
mesh  to  be  absorbed  in  the  quartz  substrate  sets  a limit  on 
the  maximum  pump  power  that  can  be  used  without  breaking  the 
mirror.  However,  we  have  had  no  breakage  problems  using 
~ 15-20  W pump  power  at  the  shorter  (small  g)  and  over 

50  W at  the  longer  Xp^j^  (large  g). 

2.6  Performance 

There  are  many  parameters  which  must  be  individually 
optimized  to  obtain  the  best  performance  from  the  FIR  laser 
system.  Once  the  CO^  laser  output  was  optimized,  the  most 
important  adjustment  was  found  to  be  the  alignment  of  the 
pump-beam  injection  optics,  and  a simple  technique  was 
developed  to  do  this.  Using  a removable  mirror,  a HeNe  line- 
up laser  beam  could  be  placed  in  the  path  of  the  CO^  beam. 

The  injection  optics  were  then  adjusted  so  that  the  line-up 
laser  beam  was  aligned  along  the  optic  axis  of  the  Fir  cavity. 
The  axis  was  defined  by  the  central  input  coupling  hole  at 
one  end  and  a centered  diaphragm  at  the  other.  This  procedure 
was  possible  because  the  FIR  output  coupler  partially  trans- 
mitted the  HeNe  beam.  When  the  injection  optics  were  properly 
adjusted,  the  transmitted  HeNe  beam,  which  was  diffracted  by 
the  mesh,  could  be  used  to  align  the  FIR  cavity.  If  the 
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cavity  was  misaligned,  the  transmitted  beam  looked  like  a 
number  of  overlapping  diffraction  patterns.  When  the  mirrors 
were  adjusted  to  align  the  cavity,  only  a single  diffraction 
pattern  was  observed.  Using  this  line-up  technique,  some 
laser  output  was  alv/ays  obtained,  and  final  adjustments  could 
then  be  made  while  monitoring  the  output  power. 

These  experiments  required  reasonably  good  amplitude 
stability  of  the  output.  The  most  critical  variable  in  con- 
trolling the  stability  is  the  exact  frequency  of  the  pump, 
which  is  tuned  by  the  PZT-stack  translation  of  the  CO^  output 
coupler.  Figure  2.4  shows  the  FIR  output  power  as  the  voltage 
to  the  PZT  stack  is  varied,  while  the  laser  is  operating  on 
the  496  qm  line  of  CH^F.  The  exact  shape  of  the  output  povv^er 
dependence  changes  considerably  for  small  changes  in  the 
alignment,  as  shown  by  the  tv/o  separate  plots.  These  were 
made  with  slightly  different  adjustments  of  the  injection  optics. 
Each  pattern  shows  two  output  peaks  because  the  travel  range 
of  the  PZT  traverses  tv/o  CO^  cavity  modes.  The  slight  dif- 
ferences between  the  peaks  of  each  mode  are  caused  by  the 
slightly  different  alignment  of  the  CO2  cavity  at  each  end 
of  the  PZT  stack's  travel.  Figure  2,4  shows  that  a small 
change  in  CO^  pump  frequency  can  cause  a large  change  in  the 
FIR  output  power . 

Stable  FIR  output  power  can  be  maintained  if  there  is  a 
flat  peak  in  the  curves  of  the  type  shown  in  Fig,  2.4.  In 
that  case,  small  changes  in  the  CO^  pump  frequency  will  not 
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Fig.  2,4  Output  power  of  the  496  jam  laser  as  a 
function  of  CO^  PZT  bias  voltage  for  two  slightly 

different  alignments  of  the  injection  optics,  (a) 
and  (b) , The  PZT  traverses  two  CO^  cavity  modes 


giving  the  double-peaked  structures.  The  flattened 
peak  in  (b)  will  give  more  stable  FIR  output. 
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cause  large  FIR  amplitude  fluctuations.  The  exact  dependence 
of  the  output  power  on  pump  frequency  is  quite  sensitive  to 
alignment,  and  must  he  optimized  by  trial  and  error.  Figure 
2.4(b)  shows  a good  adjustment,  with  a reasonably  flat  por- 
tion on  the  peak  of  the  curve. 

The  output  power  is  also  dependent  on  the  separation  of 
the  FIR  cavity  mirrors,  which  defines  the  cavity  frequency. 
Figure  2,5  shows  the  output  power  as  the  translatable  mirror 
is  scanned.  The  inset  shows  a large  mirror  movement.  Tv/o 
different  laser  modes  are  operating,  and  the  separation  be- 
tween consecutive  peaks  of  the  same  mode  is  x„_„/2  or  ~ 250 
pm.  The  detailed  mode  structure  is  shown  on  a larger  scale 
in  the  lower  portion  of  Fig,  2.5.  The  scan  shows  that  a change 
in  the  cavity  length  of  a few  microns  (~  10“  of  the  total 
length)  can  cause  substantial  variation  in  the  output  power. 

An  interesting  feature  of  the  scan  in  Fig.  2,5  are  the  dips 

in  power  that  seem  to  occur  with  an  ~ 5 am  periodicity.  This 
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sort  of  behavior  has  been  seen  by  others,  but  has  not  been 
fully  explained.  The  5 pm  periodicity  suggests  that  it  may 
be  due  to  some  sort  of  standing  wave  pattern  of  the  pump 
radiation,  although  why  this  would  cause  a dip  in  the  FIR 
output  power  is  not  clear. 

The  long  term  (~  minutes)  drift  in  the  laser  output  is 
caused  by  FIR-cavity-length  variations  which  must  be  relatively 
large  to  have  an  effect.  Short  term  (~  seconds)  fluctuations 
are  caused  by  CO^-cavity-length  variations  which  are  much 


Fig,  2,5  FIR  cavity  scans  for  the  496  4m  line  of 
CH^F,  Tne  inset  shows  two  modes  lasing,  with  a 

repeat  distance  for  each  mode  of  ~250  4m,  The 
lower  figure  shows  the  two  modes  in  detail. 
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smaller  absolute  changes.  Temperature  variations  are  the 
major  cause  of  these  cavity-length  changes.  It  is  thus 
quite  important  to  maintain  a constant  temperature  in  the 
laser  room.  This  is  shown  dramatically  by  Fig.  2,6,  which 
shows  the  increase  in  short-term  amplitude  fluctuations  that 
results  from  opening  a window.  This  curve  was  taken  during 
the  summer,  so  there  was  no  major  temperature  change,  only  a 
light  breeze  blowing  through  the  window.  Nevertheless,  this 
had  a major  effect. 

The  most  stable  performance  was  obtained  if  the  CO^ 
laser  was  allowed  to  warm  up  for  at  least  three  hours  and  the 
room  temperature  was  maintained  at  a constant  and  somewhat 
elevated  level  (~  S0°F) „ Figure  2.7  shows  a running  scan  of 
the  output  power  over  ~ 30  min.  Long  term  drift  was  only 
~ 10%,  while  short  term  fluctuations,  measured  with  a 300 
msec  time  constant,  were  ^ 2%,  Thus  good  free-running  sta- 
bility can  be  obtained  without  the  use  of  an  active  stabili- 
zation scheme. 

Finally,  it  is  interesting  to  compare  the  experimentally 
achieved  conversion  efficiencies  with  the  theoretical  maxima. 
At  119  ijm,  we  estimate  that  we  obtained  ~ 80  mW,  with  ~ 15  W 
pump  actually  coupled  into  the  cavity.  This  gives  ri 
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5 X 10  , which  is  about  11%  of  n . Similarly,  the  ~ 10  mW 

' max  ^ 

at  496  ^im  gives  t]  7 x 10  or  about  7%  of  t]  ; and  ~ 6mW 

mdX 
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at  1.22  mm  with  ~ 12  W pump  gives  ri  =«  5 x 10  , or  about  10% 

of  These  values  are  comparable  to  the  best  performance 

2 6 

reported  with  optically  pumped  FIR  lasers. 
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POINT-CONTACT  CHARACTERIZATION 

3.1  Experimental  Apparatus 

The  point  contacts  used  in  these  experiments  were  formed 
between  a sharpened  Nb  wire  and  a polished  Nb  flat.  A 
schematic  diagram  of  the  arrangement  inside  the  helium  Dewar 
is  shown  in  Fig.  3.1.  The  75-^im-dia.  wire  was  bent  in  a L 
shape  and  glued  to  a phosphor-bronze  spring  whose  position 
could  be  fixed  by  a small  set  screw  to  allow  a coarse  adjust- 
ment of  the  contact  setting  to  be  made  at  room  temperature. 

The  flat  was  adjusted  by  a differential  screw  and  lever  sys- 
tem driven  by  a set  of  reducing  gears  at  the  top  of  the  rig. 

A complete  turn  of  the  control  rod  at  the  top  of  the  Dewar 
corresponded  to  about  0.6  |jm  movement  of  the  flat.  This 
very  fine  adjustment  was  used  to  make  and  adjust  the  point 
contact  while  cold.  Both  the  flat  and  the  wire  were  electric- 
ally isolated  from  the  rest  of  the  rig.  All  leads  were 
brought  through  rf  filters  at  the  top  of  the  metal  Dewar  to 
shield  the  point  contact  from  spurious  pick-up. 

The  portion  of  the  L-shaped  wire  which  was  in  contact 

with  the  flat  was  typically  ~ 500  pm  long,  and  served  as  an 
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antenna  to  couple  the  laser  radiation  into  the  junction. 

Ihe  whole  lower  structure  of  the  Dewar  insert  could  be 
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rotated  to  change  the  angle  between  the  antenna  and  the  laser 
beam  to  improve  the  coupling  efficiency  to  the  antenna. 

The  laser  radiation  was  linearly  polarized  with  a component  of 

its  2 vector  along  the  antenna,  and  was  focused  through  room- 
temperature  and  helium-temperature  crystal-quartz  windows  in 
the  side  of  the  Dewar  by  an  — f/4  polyethylene  lens.  The 
cooled  crystal-quartz  window  helped  filter  out  much  of  the 
room- temperature  background  radiation. 

A high-impedance,  battery-driven  source  supplied  the 
dc  current  bias,  and  the  voltage  was  measured  directly  across 
the  junction  with  a PAR  113  differential  preamplifier.  Low- 
level  voltage  measurements  were  made  with  a PAR  124  lock-in 
amplifier,  using  the  PAR  116  plug-in  preamplifier  in  its 
transformer  mode.  The  power  spectrum  of  the  voltage  fluctu- 
ations was  measured  using  the  ac  voltmeter  mode  of  the  PAR 
124  with  its  tuned  input  amplifier  set  for  narrow  bandwidth 
(Q  = 100) . The  frequency-dependent  transfer  function  of  the 
filter -transformer  combination  was  measured  and  the  data  were 
corrected  for  it.  The  background  noise,  as  measured  across 
a 100  0 resistor  at  4.2  K,  was  subtracted  from  the  data. 

This  background  noise  was  ~ 0.8  nV/THz  at  450  Hz,  but  was 
considerably  higher  at  odd  harmonics  of  60  Hz,  so  that  v/e 
avoided  these  frequencies. 

3.2  Procedure 

The  method  of  preparation  of  the  point  contacts  was 
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found  to  be  quite  critical  in  obtaining  I-V  curves  that  had 

high  I^R  products  and  showed  strong  Josephson  effects  at 

high  frequencies . Tlie  Nb  wire  was  sharpened  with  standard 

43 

electroetching  techniques  using  about  4-6  V dc  in  a 5:4:1 
solution  of  HF,  and  CH^COOH,  The  radius  of  curvature 

of  the  points  used  was  always  less  than  ~ 1 |j.m  as  observed 
v/ith  an  optical  microscope.  The  flat  was  polished  to  an 
optical  finish  using  0.3  um  Alumina  powder  on  a wax  lap,  and 
\v7as  etched  slightly  with  HF,  then  rinsed  with  CH^OH.  Both 
sides  of  the  junction  v/ere  exposed  to  atmosphere  for  as  short 
a time  as  possible  after  the  final  etching,  to  produce  as 
"clean"  a point  contact  as  possible. 

Contact  was  always  made  in  liquid  He.  Tlie  position  of 

tlie  flat  was  first  adjusted  to  make  a very  high-resistance, 

v/holly  Ohmic  contact,  then  the  resistance  was  lowered  and 

44 

the  desired  I-V  curve  produced  with  a "burn-in"  process 
using  about  2 ^ at  35  Hz.  During  the  course  of  a run,  it 

v/as  possible  to  make  a wide  variety  of  I-V  curves  using  a 
combination  of  mechanical  adjustment  and  burn-in.  The  adjust- 
ment became  more  difficult  and  the  I-V  curves  were  more 
likely  to  be  hysteretic  as  the  run  progressed  and  the  point 
became  blunted.  The  blunting  was  visible  with  an  optical 
microscope  following  the  run  if  the  point  had  undergone 
numerous  adjustments. 

Some  sort  of  mechanical  "scratching'  seemed  to  be  nec- 
essary in  order  to  break  through  the  surface  o>:ide  and  produce 
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high-quality,  high-I^R  point  contacts.  Attempts  to  make 
high-quality  junctions  with  different  diameter  wires  were 
less  successful:  thinner,  50-um-dia.  wire  seemed  too  pliable 
and  appeared  to  bend  back  when  pushed  by  the  flat,  making  it 
extremely  difficult  to  produce  high-quality  point  contacts; 
thicker,  175  ij,m-dia.  v\rire  had  no  give  at  all  and  became 
blunted  too  easily.  However,  using  the  75  (jm-dia.  wire,  it 
was  usually  possible  during  the  course  of  a run  to  make  a 
number  of  high-quality  junctions  that  remained  stable  for  as 
long  as  was  necessary  to  do  the  experiments. 


3.3  Coupling 

One  measure  of  the  coupling  of  the  radiation  to  the 
point  contact  is  the  laser  pov/er  required  to  produce  the 
maximum  current-width  of  the  first  step,  which  ought  to 
occur  at  a particular  value  of  the  induced  ac  voltage, 
independent  of  the  junction  resistance.  The  lower  part  of 
ig.  3.2  is  a plot  of  the  square  root  of  the  required  496- 
^■m-laser  pov;er  as  a function  of  junction  resistance.  The 
large  rise  at  low  R suggests  that  the  low-resistance  junctions 
are  effectively  current-biased.  This  is  borne  out  by  the 
plot  in  the  upper  half  of  Fig.  3.2,  which  shows  the  product 
of  the  square  root  of  the  required  laser  power  times  the 
junction  resistance;  the  line  through  the  points  represents 
the  coupling  from  an  ac  source  resistance  of  ~ 200  Q,  which 
presumably  reflects  the  antenna  resistance.  Thus  the  high- 
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R(il) 


Fig,  3,2  Coupling  effects.  Lower  curve  is  the 
square  root  of  the  laser  power  required  to  produce 
the  maximum  width  of  the  first  step  as  a function 
of  junction  resistance.  Upper  curve  is  the  product 
of  this  times  the  resistance,  with  the  solid  line 
consistent  with  coupling  from  a source  resistance, 

R , of  ~200  n. 


/LASER  power'  x R 
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resistance  junctions  are  very  well  matched  hoth  to  the  antenna 
and  to  free  space.  All  of  our  experiments  are  performed 
with  relatively  high-resistance  point  contacts  (10  Q ^ R ^ 

200  Q)  to  make  effective  use  of  the  available  laser  power. 

3.4  Classification 

Our  high-quality  point  contacts  have  a number  of  dis- 
tinguishing features  on  their  dc  I-V  curves  that  are  surpris- 
ingly reproducible  from  junction  to  junction.  Figure  3.3  ! 

shov/s  a schematic  dc  I-V  curve  of  a typical  "high  "-quality, 
nonhysteretic  point  contact,  as  well  as  the  parameters  we 
have  used  to  characterize  the  junctions.  All  our  nonhyster- 
etic I-V  curves  show  a small  amount  of  noise  rounding  at 
the  voltage  onset,  so  that  the  critical  current,  I^,  is 
defined  by  extrapolating  the  sharp  voltage  rise  back  to 
zero.  In  the  case  of  a hysteretic  junction,  I^  is  taken  as 
the  highest  critical  current  measured,  although  this  may  not 
be  v/ell  defined  because  any  extraneous  mechanical  or  electri- 
cal noise  can  cause  premature  switching  into  the  voltage 
state.  The  resistance  of  the  point  contact,  R,  is  taken  as 
the  differential  resistance  just  above  the  gap,  which  v/e 
find  to  be  the  same  as  the  resistance  measured  when  we  can 
couple  in  enough  laser  power  to  drive  the  junction  Ohmic. 

Tlie  extrapolation  of  this  differential  resistance  line  back 

to  the  current  axis  defines  the  excess  current,  I . The 

ex 

height  of  the  voltage  jump,  V^ , is  taken  as  the  voltage  at 
which  the  I-V  curve  bends  over  after  the  first  steep. 
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Fig,  3.3  Schematic  of  a high-quality  dc  I-V  curve 
showing  the  parameters  used  for  characterization. 
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straight  rise.  Hie  gap-related  structure  is  quite  pronounced 
and  always  has  the  form  of  a decrease  in  the  differential 
resistance  below  the  gap  voltage  followed  by  an  increase 
just  above,  as  shown  in  Fig,  3.3.  The  identification  of  an 
appropriate  feature  for  defining  the  gap  voltage,  ^ggp/  is 
somewhat  arbitrary.  We  have  consistently  used  the  intersec- 
tion of  lines  extrapolated  from  the  differential  resistance, 
R,  above  the  gap  structure  and  the  minimum  differential 
resistance,  r,  along  the  gap  structure,  as  shown  in  Fig.  3.3. 
This  corresponds  closely  to  the  voltage  of  maximum  curvature 
on  the  I-V  curve.  Tne  ratio  R/r  s S serves  as  a useful  para- 
meter to  characterize  the  sharpness  of  the  gap  structure. 
Although  only  our  high-quality  point  contacts  have  dc  I-V 
curves  closely  resembling  that  shown  in  Fig.  3.3,  we  find  it 
useful  to  characterize  all  our  junctions  in  terms  of  these 
features . 

Based  on  the  strength  of  the  high-frequency  ac  Josephson 
effect,  we  can  group  our  point  contacts  into  three  classes. 

In  the  first  of  these  are  our  high-quality  junctions,  which 
show  a strong  ac  Josephson  effect  well  above  the  gap,  as 
evidenced  by  a readily  visible  first  step  induced  by  119  pm 
radiation  at  5.22  mV,  or  seven  or  more  harmonics  of  the  1.25 
mV  step  induced  by  496  pm  radiation.  The  second  class  con- 
tains our  "marginal"  junctions,  v/hich  show  no  evidence  of  a 
first  step  with  119  pm  radiation.  However,  their  dc  I-V 
curves  have  many  qualitative  similarities  to  those  of  class 
I,  and  this  type  of  junction  usually  shows  two  or  three  steps 
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when  irradiated  with  496  lam  radiation.  Finally,  those  junc- 
tions showing  no  steps  with  either  FIR  wavelength  are  grouped 
in  the  third  class.  We  now  discuss  these  classes  in  more 
detail. 

Class  I 

An  example  of  a high-quality,  nonhysteretic  I-V  curve 

is  shown  in  Fig.  3,4  (a).  Such  I-V  curves  are  distinguished 

by  the  following  features:  a)  an  I^R  product  that  is  always 

very  close  to  the  theoretical  value  of  ~2o2  mV  — typically 

within  20%,  b)  a very  steep  but  nonhysteretic  voltage  onset, 

with  V.  ~0.5IR,  c)V  between  ~2.8  and  3.1  mV,  d) 

3 c gap 

very  pronounced  gap-related  structure  with  S ^ 2.0,  and  e) 
an  excess  current  that  extends  to  bias  voltages  far  above 
the  gap  (to  ~30-50  mV)  and  has  a value  of  I ~ 0.8  I just 

6^  C 

above  the  gap.  These  features  are  quite  reproducible  in 
point  contacts  of  this  type,  as  shown  in  Ibble  3.1(a), 
which  lists  data  for  a number  of  these  junctions  of  varying 
resistances.  As  in  Fig.  3.4(b),  the  first  step  was  always 
easily  visible  with  the  119  qm  radiation.  The  fourth  and 
higher  harmonics  of  496  (jm  radiation  were  also  always  seen. 
This  class  of  point  contacts  is  the  only  one  whose  I-V 
curves  have  such  a reproducible  characteristic  shape. 

The  differential  resistance  of  the  initial,  steep  volt- 
age rise  was  very  large  for  high-quality  junctions,  and,  for 
some  junctions,  it  was  impossible  to  maintain  a stable  dc 
bias  on  the  rise  with  the  current  bias  used.  In  fact  some 


Fig,  3.4  Typical  high-quality  (Class  I)  non- 
hysteretic  dc  I-V  curves,  (a)  without  incident  radia 
tion,  and  (b)  with  119  urn  radiation  which  induces  a 
step  at  5,22  mV,  This  junction  has  R = 23  Q and 
I R = 2.2  mV. 
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•feble  3.1(a) 

Class  I Nonhysteretic  Contacts 


R(n) 

I,,  (WA) 

I R(mV) 
c 

V,/I  R 

3 c 

I /I 
ex  c 

V (mV) 

gap 

S 

161 

11.2 

1.8 

0.50 

0.75 

3.0 

3.1 

136 

11.8 

1.6 

0.57 

0.82 

3.0 

2.2 

110 

18.2 

2.0 

0.47 

0.84 

3,0 

2.5 

101 

20.1 

2.0 

0.50 

0.73 

2.9 

3.1 

93 

22.5 

2.1 

0.48 

0.84 

2.9 

2.5 

91 

21.2 

1.9 

0.49 

0.83 

2,7 

2.2 

80 

22.5 

1.8 

0.57 

0.74 

2.9 

2.5 

77 

28.6 

2.2 

0.43 

0.78 

2.8 

2.5 

71 

26.9 

1.9 

0.47 

0.87 

2.7 

2.1 

60 

42.0 

2.5 

0.47 

0.82 

3.0 

2.4 

49 

38.8 

1.9 

0.55 

0.83 

3.0 

2.6 

43 

53.3 

2.3 

0.43 

0.70 

2.8 

3.2 

43 

51.2 

2.2 

0.45 

0.76 

2.8 

2.7 

28 

60.7 

1.7 

0.54 

0.78 

3.0 

2.3 

23 

95.7 

2.2 

0.46 

0.75 

3.0 

2.6 
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of  our  high-quality  junctions  were  clearly  hysteretic,  as 
illustrated  by  the  example  in  Fig.  3,5 (a).  Except  for  the 
hysteretic  voltage  onset,  this  I-V  curve  is  quite  similar 
to  that  shown  in  Fig.  3,4,  with  the  same  sort  of  excess 
current,  similar  gap  structure  and  a high  value  of  S.  This 
similarity  is  further  shown  by  Ibble  3.1(b),  which  lists  the 
same  parameters  as  Ibble  3.1(a)  for  a number  of  high-quality 
hysteretic  junctions.  There  is  not  the  same  consistency  in 
the  values  of  I R and  I_^/I  as  there  is  in  Ibble  3,1  (a). 
However,  those  junctions  that  have  low  I^R  products  tend  to 
have  > 0.8,  consistent  with  an  erroneously  low 

measurement  of  due  to  premature  voltage  switching  induced 
by  extraneous  noise.  As  shown  in  Fig.  3.5(b),  these  curves 
also  exhibit  a strong  high-frequency  ac  Josephson  current, 
since  the  ll9-um-laser -induced  step  is  readily  visible. 

Class  II 

The  I-V  curve  in  Fig,  3.6(a)  is  an  example  of  a marginal- 
quality  point  contact,  and  Ibble  3.2  lists  the  characteris- 
tics of  a number  of  these  junctions.  The  I^R  products  of 
these  junctions  are  generally  lower  than  those  of  the  high- 
I quality  junctions,  typically  between  1.0  and  1.8  mV.  They 

have  the  same  sharp  voltage  onset,  which  is  also  occasionally 

hysteretic,  and  again  have  V.  ~ 0.5  I R.  However,  the  gap- 

3 

related  structure  is  somewhat  less  pronounced  than  that  of 


the  high-quality  junctions,  with  S < 2.0,  while  the  energy- 
gap  voltages  are  somewhat  lower  than  Class  I junctions,  with 


Fig,  3,6  Typical  marginal-^juality  (Class  II)  dc 
I-V  curves,  (a)  without  incident  radiation,  and 
(b)  and  (c)  with  increasing  119  i_im  radiation  showing 
no  step.  This  junction  has  R = 21  Q and  I R = 1,6  mV 
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Table  3.2 


Class  II  Contacts 


R(a) 

I R(mV) 
c 

V./I  R 

3 c 

I /I 
ex  c 

V (mV) 

gap 

S 

145 

10.3 

1.5 

0.41 

1.22 

2.8 

2.0 

132 

6.8 

0.9 

0.52 

1.43 

2.7 

1.7 

111 

9.0 

1.0 

0.50 

1.33 

2.8 

1.6 

86 

15.1 

1.3 

0.46 

1.11 

2.7 

1.4 

41 

31.0 

1.2 

0.49 

0,86 

2.7 

1.4 

37 

35.2 

1.3 

0.54 

1.12 

. 6 

1.6 

31 

61.7 

2.1 

0.43 

0.78 

2.5 

1.6 

3? 

75.0 

2.3 

0.50 

0.63 

2.7 

1.4 

:5 

60.0 

1.5 

0.49 

1.02 

2.7 

1.6 

21 

76.2 

1.6 

0.41 

0.78 

2.5 

1.3 

19 

126,0 

2.4 

0.42 

0.82 

2.5 

1.7 

18 

100.0 

1.8 

0.49 

0.75 

2.5 

1.3 

17 

100.0 

1.7 

0.47 

0.88 

2.7 

1.4 

17 

135.0 

2.3 

0.40 

0.64 

2.5 

1.9 

13 

126.0 

1.6 

0.61 

0.83 

2.5 

1.5 
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V between  ~2.5  and  2.8  mV.  Again  there  is  a large  excess 
gap 

current  above  the  gap,  although  the  values  of  I /I  are 

0^  C 

not  as  consistent  from  junction  to  junction  as  they  are  for 
those  in  Class  I.  These  junctions  do  not  exhibit  a step  at 
5.22  mV  when  irradiated  by  any  amount  of  power  at  the  119- 
|j.m-laser  line,  as  shown,  for  example,  by  the  I-V  curves  in 
Figs.  3.6(b)  and  3.6(c)  for  increasing  laser  powers.  Here, 
the  reduction  in  the  critical  current  with  increasing  laser 
power  serves  both  as  a confirmation  that  laser  power  is  in 
fact  coupled  into  the  junction,  and  as  a guide  to  the  amount 
of  power  coupled  in.  The  496  ijm  radiation  usually  produces 
two  or  three  steps  in  these  junctions,  but  the  high  harmonics 
seen  with  Class  I point  contacts  are  not  seen  with  these. 

Class  III 

The  type  of  point  contact  represented  by  the  I-V  curve 

shown  in  Fig.  3o7(a)  is  typical  of  the  poorest  class  of 

junctions  we  see.  The  I^R  products  of  these  junctions  are 

quite  low  (;S  1.0  mV)  and  the  initial  voltage  jump  is  not  as 

sharp  as  it  is  on  the  better  quality  junctions,  with  V^  not 

as  well  defined.  There  is  practically  no  gap  structure  at 

all,  with  S very  close  to  1,0.  V is  also  not  as  well 

gap 

defined  as  for  the  higher-quality  junctions,  but  is  generally 
considerably  lower  than  the  typical  values  for  Class  I and 
II  contacts.  There  is,  however,  always  an  excess  current 
above  the  gap,  and  the  I-V  curves  are  frequently  hysteretic. 
I^ble  3.3  lists  the  parameters  for  a number  of  these  junctions. 


jlL. 


Fig.  3.7  Typical  poor-quality  (Class  III)  dc  I-V 
curves,  (a)  without  incident  radiation,  and  (b)  and 
(c)  with  increasing  119  um  radiation.  There  is  no 
step,  even  though  enough  laser  power  could  be  coupled 
into  the  junction  to  drive  it  Ohmic,  (c) . This  junc- 
tion has  R = 33  SI  and  I R = 0.9  mV. 
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Table  3,3 

Class  III  Contacts 


R(a) 

I^(UA) 

I R(mV) 
c 

V./I  R 

3 c 

I /I 
ex  c 

V (mV) 

gap 

S 

so 

5 

0.40 

0.5 

1.1 

1.6 

1.1 

50 

10 

0.50 

0.7 

1.0 

2.8 

1.1 

50 

3 

0.15 

0.6 

0.43 

2.0 

1.05 

43 

11 

0.50 

0.5 

1.6 

2.3 

1.3 

30 

10 

0.30 

0.8 

1.4 

1.8 

1.2 

28 

21 

0.59 

0.3 

lo2 

2.2 

lol 

26 

10 

0.26 

0.7 

1.1 

2.3 

1.1 

15 

30 

0.45 

0.4 

0.8 

1.1 

1.1 

12 

80 

0.96 

0.7 

0.72 

2.0 

1.1 

5 

140 

0.70 

0.4 

1.3 

2.3 

1.1 
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for  comparison  with  the  other  classes.  This  class  of  junc- 
tions shows  no  high-frequency  ac  Josephson  effect  at  all, 
as  is  illustrated  by  the  example  in  Figs.  3.7(b)  and  3.7(c), 
which  shows  no  step  at  5.22  mV  for  increasing  power  from 
the  119-|am-laser  line.  These  junctions  are  again  clearly 
coupling  to  the  radiation  and  for  this  particular  junction 
there  was  enough  laser  power  to  drive  it  completely  Ohmic. 
The  I-V  curves  of  this  class  sometimes  show  a step  at  1.25 
mV  when  irradiated  with  496  um  radiation,  but  the  second 
harmonic  is  rarely  seen.  This  sort  of  junction  is  never 
used  in  any  of  our  laser  work,  and  the  contact  is  always 
remade  when  one  is  obtained. 

3.5  High-Voltage  Behavior 

We  find  a very  strong  correlation  between  the  existence 

of  the  high-frequency  ac  Josephson  effect  and  the  sharpness 

of  the  structure  at  the  energy  gap.  In  Fig.  3.8  we  plot 

N , the  highest  observed  harmonic  of  the  1.25  mV  step 

induced  by  496  qm  radiation,  against  S for  those  junctions 

for  which  sufficient  laser  power  was  available  to  establish 

a definite  maximum.  There  is  an  approximately  linear 

dependence  of  N on  S.  This  strong  correlation  tends  to 
max 

support,  but  does  not  prove,  a causal  link  between  the 

45 

Josephson  effect  and  the  gap-related  structure. 

An  alternate  way  of  showing  the  correlation  of  the 
sharpness  of  the  gap  structure  with  the  high-frequency  ac 


Fig,  3,8  highest  harmonic  of  the  1,25  mV 

step  induced  by  496  (j.m  radiation,  plotted  against  the 
gap  sharpness  parameter,  S,  for  those  junctions  for 
which  there  was  enough  laser  power  to  determine  a 
definite  N 
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Josephson  effect  is  to  look  for  the  minimum  value  of  S 
required  to  see  a step  at  a given  voltage.  In  Fig.  3.9,  wc 
have  plotted  S versus  using  open  points  for  junctions 

that  showed  an  ac  Josephson  effect  at  voltages  higher  than 
5 mV,  and  solid  points  for  those  that  did  not.  The  criterion 
used  was  the  appearance  of  the  first  step  for  119  urn  radia- 
tion (circles)  and  the  fourth  step  for  496  qm  radiation 
(squares)  . It  is  clear  that  there  is  a minimum  value,  S •— 

2.0,  necessary  for  the  existence  of  the  ac  Josephson  effect 
above  5 mV.  There  does  not  appear  to  be  as  strong  a correla- 
tion between  the  existence  of  the  high-frequency  ac  Josephson 
effect  and  the  I^R  product.  In  Fig.  3.9,  the  points  with 
horizontal  arrows  are  data  from  hysteretic  I-V  curves, 
where  the  full  I may  not  be  measured.  If  1.25  I is  used 
as  a measure  of  I^  (i.e.,  if  one  assumes  ~ 0-8),  then 

both  the  hysteretic  and  nonhysteretic  junctions  which  show 
steps  above  5 mV  all  have  I^R  ^ 1.6  mV.  However,  many  junc- 
tions with  high  I^R  products  have  S 2.0  and  these  do  not 
show  a step  at  or  above  5.0  mV.  Thus,  while  a high  I^R 
product  is  a necessary  condition,  the  best  indication  of  the 
existence  of  a strong  high-frequency  ac  Josephson  effect  is 
a large  value  of  S.  This  gives  a useful  prescription  for 
recognizing  point  contacts  with  good  high-frequency  perform- 
ance from  the  shape  of  their  ^ I-V  curves. 

All  of  our  point  contacts  exhibit  an  excess  current,  I , 

ex 


which  falls  off  slowly  with  voltage  above  the  gap,  but  per- 

46 

sists  to  voltage  levels  of  ~35-50  mV,  Akimenko  et  al. 
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have  measured  I as  a function  of  voltage  in  Nh  point  con- 
tacts,  and  make  the  unsubstantiated  claim  that  the  excess 
current  is  proportional  to  the  strength  of  the  ac  Josephson 
effect.  In  our  experiments,  we  have  a direct  test  for  the 
existence  of  the  ac  Josephson  effect  and  find  an  excess 
current  in  all  junctions,  whether  or  not  they  show  a step 
above  the  gap.  Thus,  the  ac  Josephson  effect  can  not  be  the 
primary  cause  of  the  excess  current.  Instead,  the  fall  off 
of  I with  voltage  is  more  likely  due  to  simple  Joule 
heating^ ' than  to  the  decrease  of  the  ac  Josephson 
current. 


CHAPTER  IV 


THEORY 


4.1  I-V  Curves 

The  reproducibility  and  consistency  of  our  high-quality 
point  contacts  provide  hope  for  an  eventual  theoretical 
description  of  the  dc  I-V  curves.  Since  the  physical  charac- 
teristics of  the  minute  active  region  are  not  known  in 
detail,  it  is  difficult  to  decide  a priori  the  best  way  to 
model  the  junction  theoretically.  In  this  section  we  com- 
pare some  of  the  theoretical  calculations  with  the  I-V  curves 
of  our  high-quality  point  contacts,  and  attempt  to  identify 
the  more  promising  physical  models. 

It  is  particularly  interesting  to  examine  our  measure- 
ments to  see  what  light  they  shed  on  the  longstanding  issue 
of  whether  point  contacts  are  best  modelled  as  tunnel  junc- 
tions or  as  metallic  constrictions.  Models  have  been  developed 
to  describe  Josephson-ef feet  devices  with  each  of  these  types 
of  weak  links.  However,  as  the  somewhat  ill-defined  struc- 
ture of  a point  contact  is  approached,  the  distinctions 
between  the  predictions  of  the  two  models  become  less  apparent. 
For  example,  if  the  characteristic  size  of  a constriction,  a, 
is  less  than  the  electron  mean  free  path,  i,  so  that  an 
electron  can  pass  through  it  without  scattering,  the  metallic 
constriction  is  expected  to  become  more  "tunnelling -like"  in 
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its  behavior.  ' On  the  other  hand,  the  I-V  curves  of 
small-area,  high  current-density  (lov/  RC)  tunnel  junctions 
are  predicted  to  become  similar  in  many  respects  to  those 
of  metallic  constrictions.  ' Thus,  the  more  fundamental 
conceptual  issue  is  whether  there  are,  indeed,  significant 
differences  between  the  two  types  of  barriers  which  persist 
even  in  the  limit  of  very  small  cross-sectional  areas. 

Our  high-quality  (Class  I)  point  contacts  show  striking 
reproducibility  from  junction  to  junction,  both  in  their 
dc  I-V  curves  and  in  their  high-frequency  performance,  sug- 
gesting that  their  behavior  is  converging  on  that  of  the 
"ideal",  clean,  low-capacitance  point  contact.  Wa  thus  have 
a set  of  reproducible  features  on  the  dc  I-V  curves  which 
can  be  compared  with  theoretical  predictions  and  with  experi- 
mental results  from  Josephson-ef feet  devices  having  more 
clearly  defined  geometries,  in  an  attempt  to  determine  the 
physical  structure  of  the  minute  contact  region. 

Of  all  the  features  on  the  dc  I-V  curves,  the  energy- 
gap  structure  and  voltage  seem  to  correlate  most  strongly 
with  the  existence  of  the  ac  Josephson  effect  and  the  high- 
frequency  performance  of  the  junction.  The  values  of 
of  our  high-quality  junctions  generally  tend  to  be  slightly 


greater  than  the  2.8  mV  commonly  quoted  for  other  Nb  point 
5 46 

contacts,  ' and  are  comparable  to  the  V ^ measured  for 

gap 

51 

Nb/Nb  tunnel  junctions.  However,  they  are  still  slightly 


lower  than  the  3.12  mV  energy  gap  of  pure,  bulk  Nb 
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It  is  possible  that  the  pressures  exerted  on  the  extremely 

small  area  of  the  point  while  the  contact  is  made  work-harden 

the  metal  in  the  vicinity  of  the  contact,  causing  a reduction 

53 

in  the  energy  gap.  There  is  also  some  evidence  for  the 
existence  of  suboxides  on  the  surface  of  niobium  with  a 
lower  of  ~7.2  K,  implying  2A/e  2.5  mV,  It  is  thus  pos- 
sible to  speculate  that  the  cause  of  the  lowered  V of  our 

gap 

Class  II  and  III  junctions  is  a remaining  layer  of  niobium 


suboxide  at  the  contact  region.  This  implies  that  a clean 

surface,  giving  as  high  a V as  possible,  is  necessary  to 

gap 

obtain  high-quality  junctions,  and  suggests  that  our  Class 

I point  contacts  may  be  entirely  free  of  any  oxide  layer. 

In  Fig.  4.1,  we  show  the  shape  of  the  gap  structure 

from  a series  of  I-V  curves,  scaled  to  have  the  same  slope. 

Their  high-frequency  performance,  as  characterized  by  their 

N^ax  (496  urn) , improves  from  left  to  right.  As  shown  by  the 

curve  with  N =9,  the  shape  of  the  gap  structure  of  our 
max 

high-quality  junctions  consists  of  a relative  decrease  in 
the  current  below  the  gap  voltage.  This  is  typical  of  the 
shape  observed  in  very  "clean"  Nb  point  contacts  and  in  the 

. 5 

Nb  junctions  used  for  high-frequency  mixing  experiments. 

However,  this  shape  contrasts  with  that  observed  in  low- 

impedance  microbridges,  for  which  a relative  decrease  in  the 

54  55 

current  just  above  the  gap  voltage  is  typical,  ' Such  a 


i 

I 


shape  is  illustrated  by  the  left-most  structure  in  Fig.  4,2, 
which  is  taken  from  the  I-V  curve  of  a very  low-impedance 


I RN(mV) 


Fig,  -'^,2  Gap  structure  in  tin  VTB's  taken  from  Ref,  55 

Tne  impedance  tends  to  increase  as  V increases.  The 
^ max 

higher  impedance  VTB's  have  gap  structure  that  is 

approaching  the  point-contact  shape.  The  curves  are  all 

scaled  to  have  the  same  slope. 
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VTB  of  Octavio.  The  similarity  of  the  point-contact  gap- 

structure  shape  we  observe  to  that  seen  in  oxide  tunnel 

junctions  suggests  labelling  this  shape  "tunnelling-like , " 

In  fact,  however,  Yanson  has  observed  both  types  of  shapes 

in  metallic  constrictions  in  his  studies  of  the  I-V  curves 

48 

of  metallic  shorts  through  dielectric  layers.  He  sees 

the  current  decrease  change  continuously  from  just  above 

the  energy  gap  to  just  below  as  the  resistance  changes  from 

R ;S  IQ  to  R ^ 20Q,  and  as  the  coherence  length,  5 (T) , changes 

from  § (T)  > a to  § (T)  « a.  This  is  partially  confirmed  by 

55 

Octavio's  VTB  data.  The  impedance  of  his  microbridges 

tends  to  increase  with  V . As  it  does,  the  relative  cur- 

max 

rent  decrease  above  the  gap  becomes  smaller,  as  shown  dra- 
matically in  Fig.  4,2,  In  fact  the  right-most  curve,  for 
which  R is  still  2Q,  is  starting  to  resemble  the  point- 
contact  shape.  Thus,  small  high-impedance  metallic  constric- 
tions can  also  shov/  tunnelling-like  behavior,  undercutting 
the  meaningfulness  of  this  label. 

Explanations  of  the  gap  and  subharmonic  gap  structures 

have  drawn  a distinction  between  "multiparticle  tunnelling" 

45  56  57 

and  "Josephson  self-coupling"  as  possible  causes.  ' ’ 

This  distinction  is  meaningful  only  for  subharmonic  gap 

structure,  since  multiparticle  tunnelling  reduces  to  single 

particle  tunnelling  for  the  structure  at  the  energy  gap,  and 

58 

is  included  within  the  self-coupling  theory.  Because  of 
the  very  steep  voltage  rise  to  V.  0,5  I R,  the  only  sub- 
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harmonic  gap  structure  we  are  able  to  see  is  that  at  half  the 
energy  gapo  This  structure  is  similar  in  shape  to  the  struc- 
ture at  the  gap,  but  is  much  less  pronounced.  Thus,  although 
we  observe  a strong  correlation  between  the  ac  Josephson 
effect  and  the  structure  at  the  energy  gap,  we  can  not  draw 
firm  conclusions  about  the  causes  of  the  subharmonic  gap 
structure. 

Werthamer's  frequency-dependent  self-coupling  (FDSC) 

58 

theory  has  been  used  to  calculate  the  I-V  curve  of  a current- 

biased,  zero-capacitance  (high  current-density)  tunnel  junc- 

49  50 

tion.  ' As  shown  in  Fig.  4.3,  the  calculated  I-V  curve 
has  large  currents  below  the  gap  voltage  (unlike  the  more 
usual  tunnel- junction  I-V  curves)  as  well  as  a decrease  in 
the  current  just  below  qualitative  agreement  with 

the  I-V  curves  of  our  high-quality  point  contacts.  However, 
the  calculation  assumes  a singular  BCS  density  of  states 
in  the  electrodes  and  does  not  account  for  the  effects  of 
noise  or  current-induced  disequilibrium,  all  of  which  must 
be  included  in  a realistic  manner  if  quantitative  comparison 
with  our  data  is  to  be  made. 

A feature  of  the  I-V  curves  which  is  more  likely  to 
provide  the  basis  for  a conceptual  distinction  between 
tunnel- junction  and  metallic-constriction  behavior  of  point 
contacts  is  the  measured  excess  current  at  high  voltages 
which  is  quite  consistently  about  0.8  I^  in  our  junctions, 
and  v/hich  v/e  have  shown  is  not  related  to  the  strength  of 
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the  Josephson  effect  at  high  frequencies.  Such  an  excess 
current  is  observed  in  all  the  various  forms  of  metallic 
microbridges,  but  not  thus  far  in  tunnel  junctions.  As 
shown  in  Fig.  4.3,  it  is  not  predicted  by  the  FDSC  theory, 
nor  by  the  qualitative  description  provided  by  the  resistively- 
shunted -junction  (RSJ)  model.  The  only  theories  which  have 
provided  a possible  explanation  for  this  feature  consider 
the  dynamics  of  the  superconducting  order  parameter  inside 
a continuous  metallic  link.  Calculations  of  I-V  curves  using 
time-dependent  Ginzburg-Landau  (TDGL)  theory  show  that  the 
finite  relaxation  time  of  the  order  parameter  inside  the 
metallic  constriction  of  a VTB  can  cause  an  apparent  excess 
current. In  this  description,  the  strongly  supercon- 
ducting banks  hold  up  the  magnitude  of  the  order  parameter 
at  the  ends  of  the  constriction,  and  effectively  decrease 
the  voltage  drop  across  the  bridge  required  to  drive  a given 
current.  The  magnitude  of  this  insufficient  voltage  is 
asymptotically  voltage  independent,  and  is  equivalent  to  an 
excess  current.  However,  the  exact  shape  of  the  calculated 
I-V  curve  depends  both  on  the  length,  L,  of  the  constriction 
and  on  the  value  of  the  order  parameter  relaxation  time,  t , 
Since  this  model  assumes  that  the  superconducting  banks  have 
an  undepressed  order  parameter  ("rigid"  boundary  conditions) 
the  choice  of  an  appropriate  L is  problematic  for  the  point- 
contact  geometry,  where  the  boundaries  are  not  well  defined. 

The  TDGL  curve^^  shown  in  Fig,  4,3  is  for  L = 5,  and  for 
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the  value  of  t predicted  by  microscopic  theory  for  a super- 
conductor in  the  dirty  limit,  and  has  an  excess  current  of 
~0.70  in  reasonable  agreement  with  our  experimental 

I However,  other  calculations”  have  indicated  that  the 

©X 

behavior  of  the  order  parameter  in  the  banks  near  the  con- 
striction may  also  play  an  important  role  in  determining  the 
properties  of  the  bridge,  making  the  assumption  of  rigid 
boundary  conditions  inadequate.  Clearly  more  theoretical 
work  is  required  before  a more  quantitative  comparison  with 
our  data  can  be  attempted. 

Other  explanations  of  the  excess  current  seem  less 
likely  to  apply  here.  Deaver  and  Pierce”  considered  a 
relaxation-oscillation  model  that  is  essentially  an  equiva- 
lent circuit  model  with  an  additional  inductance  in  series 
v/ith  the  Josephson  element  of  the  RSJ  circuit.  This  model 
predicts  a smaller  excess  current  of  0.5  I^,  and  requires  a 
large  series  inductance,  which  seems  unlikely  in  junctions 

where  ac  Josephson  currents  flow  well  above  the  gap  fre- 

64 

quency.  The  phase-slip  models  of  Rieger  et  al.  and  Skoepol 
65 

et  al.  estimate  an  excess  current  of  0.5  I and  0.67  I 

c c 

respectively,  but  were  created  to  describe  slow  variations 
on  the  scale  of  the  Ginzburg-Landau  relaxation  time,  and 
therefore  are  not  suitable  for  point  contacts  at  high  voltages. 

Thus,  as  a v;hole,  the  experimental  evidence  seems  to 
suggest  that  our  point  contacts  are  best  modelled  as  extremely 
small  metallic  constrictions,  although  the  distinction  between 
metallic-constriction  and  tunnel -junction  behavior  is  perhaps 
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somewhat  blurred.  It  will  be  interesting  to  see  whether 
the  new  generation  of  very  small-area,  high  current-density 
tunnel  junctions  which  can  now  be  fabricated  show  Ohmic  or 
excess-current  type  behavior  above  the  gap.  Ohmic  behavior 
would  tend  to  establish  that  there  are  some  irreducible 
differences  between  metallic  constrictions  and  tunnel  junc- 
tions, despite  the  obvious  generality  of  the  Josephson  phen- 
omena in  weak  links. 

4.2  Josephson  Steps 

We  would  like  to  use  our  high-quality  point  contacts  to 
measure  the  strength  and  frequency  dependence  of  the  Joseph- 

i son  effect.  Our  ability  to  do  this  depends  on  a study  of  the 

! 

laser-induced  constant-voltage  steps  on  the  dc  I-V  curves. 
Thus,  we  need  a theoretical  model  to  relate  the  behavior  of 
I the  steps  to  that  of  the  Josephson  effect  itself.  In  this 

j section,  we  discuss  the  theoretical  predictions  that  we  fit 

, to  our  measurements  of  the  power  dependence  of  the  laser- 

induced  steps. 

As  has  been  discussed  in  the  previous  section,  none 
; of  the  theories  currently  available  adequately  describes  the 

characteristic  shape  of  the  dc  I-V  curves  of  our  junctions. 
Thus,  they  are  unlikely  to  predict  accurately  the  shape  of 
the  constant-voltage  steps.  This  may  have  an  adverse  effect 
i on  the  calculated  power  dependence,  since  the  step's  width 

may  be  quite  sensitive  to  its  shape. 


< 
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In  order  to  make  them  more  tractable,  all  of  the  theories 
make  simplifying  approximations  for  the  source  impedance. 

They  assume  either  a low-resistance,  constant-voltage  source, 
or  a high-resistance,  constant-current  source.  Experimentally, 
the  bias  impedance  lies  somewhere  in  betv/een,  and  probably 
has  a rather  complicated  frequency  dependence  as  well.  Titp 
dc  source  impedance  is  defined  by  the  bias  network  used. 

In  these  experiments,  it  was  always  very  high  compared  to 
the  junction  resistance  R.  However,  we  have  shown  that  the 
rf  source  impedance  seems  to  be  that  of  the  antenna,  and  is 
~200  0.  at  604  GHz.  This  is  not  much  larger  than  the  resist- 
ance of  a typical  junction  (R  ~ 100  Q).  The  type  of  bias 
network  assumed  can  have  a significant  effect  on  the  theoreti- 
cal predictions.  Unfortunately,  a tractable  model  with  a 
more  realistic  bias  impedance  does  not  exist. 

Tlie  only  theories  that  have  been  extended  to  calculate 
the  pov/er  dependence  of  the  Josephson  steps  are  based  on  a 
tunnel- junction  model  of  the  weak  link.  As  shown  in  the 
previous  section,  the  experimental  evidence  seems  to  suggest 
that  our  point  contacts  are  better  described  as  extremely 
small  metallic  constrictions.  Nevertheless,  tunnel- junction 
models  often  seem  to  work  quite  well  for  point  contacts,  and 
give  good  qualitative  agreement  with  much  of  the  data.  The 
reproducibility  of  our  measurements  allows  us  to  test  the 


theories  more  quantitatively. 

The  current  I through  a small-area  tunnel  junction  at 
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temperature  T and  bias  voltage  V can  be  written  as^ 

I = I^(V,T)sinv  + I + I (V,T)coscp  (4.1) 

and  cp  is  the  phase  difference  across  the  tunnel  junction. 

The  first  term  is  the  supercurrent  or  Josephson  pair  current, 

and  at  low  frequencies  (voltages),  I I . The  second  term 

p c 

is  the  quasiparticle  or  normal  current,  which  is  highly  non- 
linear in  the  case  of  a tunnel  junction.  The  linear  approxi- 
mation of  a constant  resistance  R leads  to  the  resistively- 

shunted  junction  (RSJ)  model,  with  I = V/R.  The  final  term 

qp 

is  the  "cosine"  term,  and  has  no  effect  on  the  magnitude  of 

fifi 

the  steps  for  a voltage-biased  junction.  It  is  usually 
omitted  in  the  RSJ  approximation. 

The  simplest  approximation  for  the  power  dependence 
of  the  step  current-widths  is  obtained  for  low  frequencies 
(so  that  Ip  = I^)  and  for  a junction  voltage-biased  with 
both  a dc  voltage  and  a laser-induced  ac  voltage  of  angu- 
lar frequency  uJt  , V cosuu^t.  This  results  in  the  familiar 

■Li  B.C  Xj 

67 

Bessel-function  power  dependence  of  the  steps. 
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hnlf-width  of  the  n step,  at  the  dc  voltage 


= n 

0 2e 


(4.5) 


Werthamer  has  calculated  the  voltage  (frequency) 
dependence  of  Eq.  (4.1)  at  T=0,  assuming  a perfect  BCS  den- 
sity of  states  for  the  superconductors  on  either  side  of  the 

barrier.  The  results  for  the  supercurrent,  I , can  he 

...  68  ^ 
v/ritten  as 


K(htUj/4/\) 


hiUj/4A  :i  1 


K(4A/hujj)  ftvXjj/^L  ^ 1 


(4.6) 


v/here  lUj  is  the  Josephson  frequency  (or  voltage  V = — - J^j), 

2'.  is  the  superconducting  energy  ga^j  and  K is  the  complete 

elliptical  integral  of  the  first  kind.  According  to  Eq. 

(4.6),  the  Josephson  current  is  approximately  const.*.int  at 

voltages  below  the  gap,  has  a logarithmic  singularity  (the 
69 

Riedel  peak  ) at  the  gap,  and  falls  off  approximately  as 
1/iij  above  the  gap.  When  this  frequency  dependence  of  I 
is  included,  Eq.  (4.3)  is  generalized  to 


c c ® ^ 


(4.7) 


If  the  summation  converges  before  |2k-n|ujy  becomes  comparable 
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to  4A/K,  Eq.  (4.7)  reduces  to  the  simple  Bessel-function 

dependence  of  Eq,  (4.3).  Thus  at  low  ac  frequencies,  the 

effect  of  the  frequency  dependence  of  I is  not  seen  until 

P 

a becomes  quite  large,  requiring  large  rf  drive  powers. 
However,  for  the  relatively  high  laser  frequencies  used  in 
this  experiment,  Eq.  (4.7)  must  be  used  for  all  laser  powers 
(a) . 

If  one  of  the  |2k-n|uUj^  harmonics  of  the  laser  frequency 
is  equal  to  that  term  in  the  summation  in  Eq.  (4.7) 

becomes  singular.  This  has  a pronounced  effect  on  the  power 
I dependence  of  the  step  and  has  been  used  to  experimentally 

I study  the  Riedel  singularity  in  both  tunnel  junctions  ' 

I , 71 

and  point  contacts.  The  maximum  step-width  enhancement 

due  to  the  singularity  is  generally  found  to  be  about  a 

I factor  of  three.  To  obtain  quantitative  agreement  with  the 

data,  the  theory  must  be  modified  to  account  for  mechanisms 

72 

j such  as  quasiparticle  damping,  which  round  off  the  singu- 

I 

! larity.  This  adds  a complex  component  to  the  energy-gap 

I 

[ parameter  A(uj),  which  must  be  included  in  a modified  version 

1 

j of  Eq.  (4.7).  This  has  been  done  by  Buckner  and  Langen- 

I ' berg,^^  who  find  good  agreement  between  their  theoretical 

calculations  and  their  tunnel- junction  data. 

All  the  experimental  investigations  to  date  have  measured 

the  frequency  dependence  of  I only  in  the  vicinity  of  the 

P 

singularity.  Thus  they  have  been  restricted  to  a frequency 
range  within  ~5%  of  the  Josephson  frequency  at  the  gap. 
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uo  T = 4a/^.  Our  experiment  is  not  designed  to  probe  the 

U 

singularity.  In  fact,  we  have  not  found  it  necessary  to  use 
the  singularity-modified  version  of  Eq,  (4.7)  to  account 
for  any  of  our  data.  Instead,  we  wish  to  extend  the  frequency 
range  of  the  measurement,  particularly  above  the  gap. 

Examination  of  Eq.  (4.7)  shows  clearly  why  the  funda- 
mental laser-induced  steps  are  the  most  direct  probe  of  the 
strength  of  the  Josephson  effect  above  the  energy-gap  fre- 
quency. For  n=l,  the  leading  term  in  the  summation  is 

which  is  proportional  to  the  Josephson  current  at  the  laser 

frequency.  The  additional  terms  are  contributions  from  1^ 

at  higher  harmonics  of  uJt  / where  the  Josephson  current  has 

rolled  off  even  further.  However,  for  a step  at  a harmonic 

of  a lower  frequency,  there  is  always  a contribution  to  the 

summation  from  I (0)  for  n even  and  from  I (uu,. ) for  n odd. 

P P L 

These  terms  add  a lower  frequency  component  of  the  Josephson 

current  v/here  I^  is  larger.  Thus,  a harmonic  step  is  a less 

direct  measure  of  I (nu-v  ) than  the  fundamental  step  at  the 

p L 

same  voltage.  In  our  experiments,  we  vary  the  laser  wave- 
length and  use  only  the  fundamental  step  to  study  the  fre- 
quency dejjendence  of  the  Josephson  effect. 


The  theories  resulting  in  Eqs.  (4.3)  and  (4.7)  both 
make  the  approximation  of  a purely  voltage  bias  at  all  fre- 
quencies. Other  models  make  the  opposite  approximation  for 
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the  source  impedance,  treating  the  junction  as  current- 

59 

biased.  The  simplest  of  these  is  the  RSJ  model  in  which 
Ip(aj)  = Igp  = V/R,  and  = 0.  Russer^^  has  used  an 

analogue  computer  to  calculate  the  RSJ  predictions  of  the 
power  dependences  of  the  steps  for  various  normalized  fre- 
quencies. 


a 


2el  R 
c 


(4.8) 


He  finds  the  Bessel-f unction  behavior  predicted  by  Eq.  (4.3) 

for  Q > 1,  but  finds  substantial  changes  due  to  the  current 

bias  when  Q < 1.  At  low  temperatures,  I^R  is  theoretically 
74 

expected  to  be  related  to  the  gap  voltage. 


I R 
c 


n 2^ 
4 e 


(4.9) 


Thus,  we  expect  a current  bias  to  cause  significant  changes 
in  the  power  dependence  when  the  fundamental  step  is  below 
the  gap  voltage. 

While  the  RSJ  model  gives  a qualitative  account  of  the 
influence  of  a current  bias,  it  does  not  include  any  effects 
due  to  the  frequency  dependence  of  the  Josephson  current. 

58 

To  do  this,  we  must  use  the  full  frequency-dependent  theory 

itself,  inverting  Eq.  (4.1)  to  solve  for  the  voltage,  with 

the  assumption  of  a current  bias.^^'^^  This  is  simplified 

by  the  use  of  a reformulation  of  the  theory  in  the  time 
75 

domain.  It  includes  the  full  frequency  dependence  of  the 


Josephson  current,  as  well  as  any  effects  the  "cosine"  term 


/6 


may  have  for  the  current-hiased  case.  However/  unlike  the 
RSJ  model/  the  quasiparticle  term  includes  the  nonlinear 
resistance  characteristic  of  a tunnel  junction. 

We  have  performed  computer  calculations  using  a technique 

7 6 

similar  to  that  suggested  by  Harris  to  determine  the  step 
v;idths  for  the  case  of  both  dc  and  ac  current  sources.  The 
current  and  voltage  across  the  junction  are  assumed  to  be 
zero  until  time  t=0,  when  the  current  drives  are  switched 
on.  Then  the  Werthamer  theory  in  the  time  domain  is  used  to 
calculate  the  voltage  across  the  junction.  This  is  done  at 
successively  increasing  small  time  intervals/  with  the  results 
at  each  time  depending  on  the  voltage  at  all  previous  times. 
The  calculation  is  carried  on  until  the  transient  effects/ 
due  to  the  initial  change  in  drive  currents,  die  out. 

Figure  4.4  shows  an  example  for  •fixj^/4A  " 0.45,  the  normalized 
energy  of  the  496-um-laser  line  (assuming  a superconducting 
gap  energy  of  2.3  mV).  Both  the  instantaneous  voltage  (solid 
line)  and  the  average  voltage  (dashed  line)  are  plotted  as 
functions  of  time.  Figure  4.4(a)  is  for  a junction  biased 
on  the  first  laser-induced  step,  so  that  the  current  is  peri- 
odic at  the  laser  frequency,  and  the  average  voltage  is 
approaching  the  constant  value  of  1.25  mV  (0.45  x 2A/e). 

Figure  4.4(b)  shov/s  similar  results  for  a dc  bias  not  on  a 
step.  In  this  case  the  voltage  is  not  periodic  and  the 
average  voltage  is  approaching  ~ 0.65  2A/e,  intermediate 
between  the  first  and  second  steps.  By  monitoring  quantities 


Fig.  4,4  Computer  calculations  using  the  frequency-dependent 
theory  for  a junction  with  ac  and  dc  current  biases.  The  ac 
source  has  a magnitude  of  0.5 (2A/eR)  and  a frequency  of 
0,90 (2A/h).  Both  the  instantaneous  (solid  lines)  and  the  time 
average  (dashed  lines)  voltages  are  shown.  The  dc  bias  level 
is  (a)  on  the  step  so  the  average  voltage  is  approaching 
0,45 (2A/e),  and  (b)  between  the  first  and  second  steps  so 
the  average  voltage  is  approaching  0.65 (2A/e). 


L 
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such  as  these,  it  is  possible  to  determine  whether  or  not 
the  junction  is  biased  on  a step,  for  given  levels  of  dc  and 
ac  currents.  Then,  by  tracing  out  the  dc  bias  currents  that 
put  the  junction  on  a step,  the  current  width  of  the  step 
can  be  determined.  This  process  is  repeated  for  successively 
increasing  laser  powers  to  find  the  power  dependence  of  the 
current  width.  Unfortunately  this  requires  considerable 
computer  time,  so  we  have  made  only  limited  use  of  these 
calculations . 

The  four  approximate  solutions  of  Eq.  (4.1)  discussed 
above  are  the  only  ones  that  predict  a power  dependence  for 
the  step  current -widths.  Two  of  them  make  the  assumption 
of  a voltage  bias,  the  other  two  assume  a current  bias.  One 
of  each  bias  type  includes  the  frequency  dependence  of  the 
Josephson  effect,  the  other  does  not.  We  can  now  compare 
these  theoretical  models  to  our  data. 


CHAPTER  V 


FREQUENCY  DEPENDENCE  OF  THE  JOSEPHSON  EFFECT 

5.1  Josephson-Step  Power  Dependence 

In  order  to  obtain  we  need  to  measure  the 

power  dependence  of  the  steps  induced  by  each  laser  line. 

For  this,  our  raw  data  consists  of  a series  of  traces  of  dc 
I-V  curves,  each  taken  with  a different  incident  laser  power. 

A typical  example  is  shown  in  Fig.  5.1  for  an  I-V  curve  with 
no  incident  power,  and  with  increasing  amounts  of  496  |jm  radi- 
ation, which  induces  constant-voltage  steps  at  1.25  mV 
intervals.  We  always  used  high-quality  junctions  for  these 
experiments,  and  were  always  able  to  see  seven  or  more  steps 

with  the  496-qm-laser  line.  In  fact,  we  have  been  able  to 

til 

see  steps  up  to  the  10^  harmonic  at  12.5  mV  using  only  this 
rather  insensitive  dc  detection  technique. 

A composite  plot  of  the  power  dependence  of  the  critical 
current  and  eight  steps  induced  by  496  qm  radiation  is  shown 
in  Fig.  5.2,  with  data  from  five  different  point  contacts 
having  resistances  between  50  and  170  Q.  The  half-widths  of 
the  experimentally  measured  steps  arc  normalized  to  the  criti- 
cal current  at  zero  power,  and  are  plotted  as  functions  of 
the  square  root  of  the  laser  power.  The  power  measurements 
are  scaled  once  for  each  junction  to  account  for  its  coupling 
efficiency.  The  data  plotted  in  Fig.  5.2  show  that  our  high- 
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Fig.  5,2  Normalized  step-width  behavior  as  a function  of 
induced  496-am-laser  voltage,  compared  to  the  Bessel  func- 
tions (J) , and  the  frequency-dependent  Werthamer  theory  (W) , 
This  is  a composite  plot  made  from  the  data  of  five  different 
junctions . 


quality  point  contacts  are  very  consistent  from  junction 
to  junction  in  their  high-frequency  behavior,  as  they  were 
in  the  shape  of  their  dc  I-V  curves. 

The  shape  of  the  power -dependence  data  is  reasonably 
well  described  by  the  Bessel-function  behavior  of  Eq.  (4,3), 
(dashed  lines  in  Fig.  5.2).  Even  better  agreement  is 
obtained  when  the  frequency  dependence  is  added  by  using  Eq. 
(4.7),  (solid  lines  in  Fig.  5.2).  This  is  particularly 
true  for  the  first  zero  of  the  critical  current,  and  for 
the  second  humps  of  the  critical  current,  of  the  second 
step,  and  of  the  fourth  step.  The  improvement  is  due  mainly 
to  the  contribution  of  the  second  harmonic  frequency  component 
at  1.21  THz  (2.5  mV),  where  the  magnitude  of  the  super- 
current has  risen  as  it  approaches  the  Riedel  peak  at  1.35 
THz  (2.8  mV).  Both  theories  predict  step  widths  much  larger 
than  those  actually  observed.  For  quantitative  agreement 
with  the  data,  the  theoretical  values  must  be  decreased  by 
the  step-dependent  scale  factors  indicated  in  Fig,  5.2. 

A possible  cause  for  this  discrepancy  is  the  effect  of 
a current  bias.  Indeed,  the  current-biased  RSJ  model  does 
predict  a reduction  in  the  step  size  in  approximate  agree- 
ment with  that  observed.  However,  Q is  large  enough  (~0.6 
for  a typical  I^R  of  2.0  mV)  that  the  shape  of  the  current- 
biased  RSJ  curves  does  not  differ  significantly  from  the 
voltage-biased  Bessel-function  behavior  of  Eq.  (4.3).  Thus 
we  can  not  convincingly  distinguish  between  the  two  models 
using  the  shape  of  the  data. 


If  the  data  were  tetter  descrihed  by  a current-bias 
model,  the  improvement  should  become  more  pronounced  at 
lower  Q.  To  check  this,  we  went  to  a lower  frequency, 
using  the  1.22  mm  line,  which  induces  a fundamental  step  at 
0.51  mV,  so  that  Q 0.25.  Figure  5.3  shows  the  power  de- 
pendence of  I /I  for  the  critical  current  and  the  first 
n c 

six  steps.  The  normalized  voltage  amplitudes  on  the  hori- 
zontal axis  again  have  been  obtained  by  scaling  all  of  the 
data  for  a given  point  contact  by  a single  factor  which 
depends  on  its  coupling  efficiency.  The  shape  predicted  by 
Eq.  (4.7)  is  shown  by  the  solid  lines  in  Fig.  5.3,  and  is 
in  reasonably  good  agreement  with  the  data.  Again  the 
theoretical  step  size  must  be  scaled  down  by  the  factors 
indicated  in  the  figure  to  obtain  quantitative  agreement. 
However,  in  this  case  the  current-biased  RSJ  prediction  does 
not  do  as  well.  It  predicts  a step  size  even  smaller  than 
observed.  More  importantly,  its  prediction  of  the  shape  of 
the  power  dependence,  shown  by  the  dotted  lines  in  Fig.  5.3, 
is  quite  different  from  that  observed.  Thus  it  appears 
that  the  well-matched  source  impedance  of  the  antenna  is 
better  described  by  a voltage-bias  model  in  predicting  the 
shape  of  the  power  dependence. 

In  Figure  5,3,  the  poorest  agreement  between  the  data 
and  the  voltage-bias  theory  is  obtained  for  the  critical 
current.  In  particular,  the  measured  initial  decrease  and 
the  subsequent  first  increase  seem  to  be  somewhat  faster 
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than  predicted.  Similar  poor  agreement  is  found  for  the 

power -dependence  of  measured  with  496  urn  radiation 

as  shown  in  Fig.  5.2.  The  reason  for  this  poor  agreement 

is  not  known,  although  it  is  possibly  related  to  the  peculiar 

behavior  of  the  I-V  curves  in  the  vicinity  of  the  critical 

current  that  is  always  seen  when  these  junctions  are  irradi- 

77 

ated  by  low  levels  of  laser  radiation.  The  effect  of  the 
radiation  is  not  only  to  decrease  1^,  but  also  to  substan- 
tially decrease  the  initial  dynamic  resistance  of  the  volt- 
age onset,  changing  it  from  the  very  steep  onset  seen  with- 
out incident  radiation  to  a much  more  gradual  one.  This 
behavior  is  seen  for  all  the  laser  frequencies  we  have 
investigated . 

Comprehensive  data  such  as  that  obtained  at  1.22  mm 
and  496  um  could  not  be  obtained  at  the  other  FIR  wavelengths 
used  (233  ^im,  202  ijm,  170  urn,  and  119  jam).  The  fundamental 
steps  of  these  laser  lines  are  all  at  voltages  near,  or  well 
above,  the  energy  gap.  Thus  there  are  fewer  observed  har- 
monics to  fit  to  the  theory.  In  fact,  for  the  remaining 
frequencies,  the  second  step  was  generally  very  small,  and 
the  higher  harmonics  were  usually  not  seen  at  all.  Further- 
more, at  these  frequencies  we  were  unable  to  couple  in 

2e  V ■ 

enough  power  to  reach  the  same  high  values  of  2a  = 

that  were  reached  at  the  lower  frequencies.  Operating  at 
496  (jm,  the  laser  power  (measured  at  the  laser  output  coupler) 
was  ~10  mW,  sufficient  to  obtain  2a  ^ 12.  However,  2a  scales 
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2 

as  V /Wj,  so  that  the  power  (~  V ) required  to  reach  the 

aC  3.C 

2 

same  2a  scales  as  uj  , Thus,  even  though  the  output  power 

J-i 

at  119  |j,m  was  ~80  mW,  we  would  expect  to  reach  values  of  2a 
of  only  ~5,5.  In  fact,  our  optics  were  considerably  more 
lossy  at  119  ^m  than  at  496  ijm,  and  the  coupling  to  the 
antenna  may  not  have  been  as  good,  so  that  we  were  only  able 
to  reach  2a  ~ 3. 

As  a result  of  the  low  values  of  2a  attained  and  the 

associated  lack  of  harmonics,  there  was  insufficient  structure 

in  the  power-dependence  data  to  obtain  a convincing  fit  to 

the  theory.  Figure  5,4  shows  the  power  dependence  of  I^/I^ 

and  for  a typical  junction  exposed  to  119  p,m  radiation, 

and  fitted  to  the  scaled  shape  of  the  voltage-bias  theory 

of  Eq.  (4,7),  As  v/ith  the  lower  frequencies,  the  low  laser- 

power  behavior  of  resulted  in  a poor  fit  to  the  theory, 

Tnus,  the  only  reliable  structure  in  the  data  useful  for  a 

fit  to  the  theory  is  the  first  hump  of  1^^, 

We  also  attempted  similar  measurements  using  the  71  pm 

line  of  CH^OH,  However,  there  was  not  enough  laser  power 

2 

avaxlable  to  see  the  first  step  at  8,75  mV,  The  depen- 

dence  of  the  power  required  means  that  a factor  of  ~3  increase 
in  power  over  that  available  at  119  pm  is  necessary  to  reach 
comparable  values  of  2a  for  equal  coupling  efficiencies. 
However,  both  the  losses  in  the  optics  and  even  the  attenua- 
tion in  atmosphere  are  quite  severe  at  71  pm.  Thus,  although 
we  estimate  that  we  had  at  least  several  mW  power  at  71  pm, 
this  was  not  sufficient  with  the  coupling  scheme  used. 


When  the  data  at  all  the  wavelengths  is  considered  as 


a whole,  the  voltage-hias  theory  of  Eq.  (4.7)  appears  to 
give  quite  reasonable  agreement  with  the  shape  of  the  data. 

The  reason  for  the  discrepancy  between  the  observed  step 
size  and  that  predicted  must  still  be  explained.  Since  the 
frequencies  involved  are  so  high,  we  have  investigated  the 
effects  of  a small  shunting  capacitance  on  the  predicted 
step  size.  The  addition  of  a capacitive  roll  off  has  little 
effect  on  the  power  dependences  calculated  with  Eq.  (4.7)  so 
long  as  (RC)  ^ is  greater  than  the  gap  frequency.  Larger 

values  of  capacitance  remove  the  effects  due  to  the  inclusion  i 

of  the  frequency  dependence  and  give  a poorer  fit  to  the  | 

496  qm  data.  Smaller  values  do  not  cause  any  reduction  in  I 

the  predicted  step  widths.  We  have  used  an  analogue  Simula-  j 

7 8 

tor  to  calculate  the  power  dependences  within  the  RSJ 

79 

model  with  the  addition  of  a small  shunting  capacitance. 

We  again  find  no  reduction  in  the  step  sizes,  although  the 
effects  of  noise  were  not  included.  Thus,  the  evidence 
available  suggests  that  the  capacitance  is  indeed  small 
enough  to  neglect  entirely.  We  now  consider  other  effects 
that  might  reduce  the  step  size. 

5.2  Heating 

Heating  has  been  proposed  as  a mechanism  which  reduces 
the  critical  current,  and  hence  the  step  widths.  Tinkham 
et  al.  have  treated  in  detail  the  case  of  a metallic  junction 
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of  the  point-contact  geometry.  They  find  an  exponential 


decrease  in  the  step  widths  as  the  total  dissipated  power 


P is  increased,  with 


-P/P, 


(5.1) 


where  P^  is  predicted  to  be  ~10  (jiW  for  a typical  metallic  Nb 


point  contact.  We  can  calculate  P for  a given  laser  power 


using  the  good  fit  of  the  power  dependences  of  the  step 


widths  to  the  voltage-bias  model  to  obtain  the  normalized 


laser-induced  voltage  in  the  junction,  2a.  Combining  this 


with  the  power  dissipated  by  the  dc  bias  current 


P = P , + P 

dc  ac 


(”-») 


2 2 
(2aJ. 
2R 


(5,2) 


For  a typical  100  junction,  biased  at  the  5.22  mV  step 


induced  by  119  um  radiation,  Eq.  (5.2)  gives  F =»  1,5  qW 


for  2a  = 3,  the  maximum  value  reached  in  these  experiments. 


For  the  eighth  harmonic  induced  by  496  qm  radiation  at  10  mV, 


P ^ 2 (iW  for  2a  = 12.  These  values  of  P suggest  that  heating 


will  have  only  a small  effect,  mainly  on  the  high-voltage 


steps,  at  higher  laser-induced  powers.  It  should  cause  a 


maximum  reduction  in  the  step  size  of  only  ~20%,  We  now 


present  further  evidence  supporting  this, 


The  very  pronounced  gap  structure  on  the  I-V  curves 


can  be  used  as  a local  thermometer  to  measure  the  temperature. 


T,  roughly  a coherence  length,  5,  away  fror-  the  center  of 


■ 
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1 


4 ' 

the  active  region  of  the  point  contact.  The  laser-induced 
Josephson  steps  can  obscure  this  structure  unless  the 
voltage  of  the  first  step  is  above  the  gap  voltage.  It  is 
then  possible  to  measure  the  rise  in  temperature  over  the 
bath,  T-T^,  due  to  tlie  laser -induced  power  which  is  determined 
using  Eq,  (5.2)  and  the  power -dependence  fit  of  the  step 
widths.  Figure  5.5  shows  due  to  the  total  dissipated 

power  for  increasing  levels  of  170  ^m  radiation.  The  width 
of  the  gap  structure  makes  it  difficult  to  determine  an  exact 
gap  voltage,  especially  at  higher  laser  powers  where  the 
shape  becomes  somewhat  less  pronounced.  This  leads  to  con- 
siderable scatter  in  the  data  of  Fig.  5.5.  The  gap  voltage 
was  taken  as  the  voltage  of  the  minimum  Rj^  in  the  gap  struc- 
ture. The  corresponding  temperatures  T were  obtained  from 
the  measured  temperature  dependence  of  the  energy  gap  of 
Nb/Nb  tunnel  junctions,  which  have  low- temperature  gap 
voltages  in  good  agreement  with  those  of  our  point  contacts. 

Using  Fig.  5.5,  we  can  obtain  a measure  of  some  of  the 

experimental  parameters  important  in  the  heating  theory.  In 

0 

the  low  heating  limit,  Tinkham  et  al.  find  that 


where  K is  the  thermal  conductivity  and  Q is  the  effective 
solid  angle  for  the  three-dimensional  cooling  of  the  active 
region  of  the  contact.  Prom  the  slope  of  the  solid  line  in 
Fig,  5,5,  '=«l|iW/°K,  These  are  the  only  unknown  quantities 
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in  the  expression  for  Pq, 


p_  = 


K(T^)T^5  (o)n 


(5.4) 


where  = T^/T^.  Using  the  temperature  dependences  K =c  T 
and  ? cc  (1-T/T^)"^,  and  « 9.2  K for  Nb,  Eq.  (5.4)  and 
the  measured  KQ§  give  ~12  qW.  While  this  is  only  an 

approximation,  and  should  not  be  taken  as  an  exact  measure 
of  Pq,  it  is  nevertheless  consistent  with  the  predictions 
of  the  theory. 

Other  evidence  also  supports  the  hypothesii  that  these 
junctions  are  operating  in  the  low  heating  limit.  As  sho-.vn 
in  Fig.  5.5,  the  maximum  increase  in  temperature  a coherence 
length  away  from  the  contact  is  only  ~1  K,  which  should  not 
have  a major  effect  on  the  super current.  We  also  find 
very  consistent  behavior  of  the  normalized  step  widths  for 
junctions  whose  resistances  vary  between  ~30  h and  200  w, 
while  the  dissipated  power  is  proportional  to  1/R.  Thus  we 
believe  that  heating  causes  at  most  only  a ^-(10-20)% 
reduction  in  the  step  widths,  illustrating  the  well-cooled 
nature  of  these  point  contacts. 


5.3  Noise 

Fluctuations  in  the  phase  due  to  noise  vcan  have  an 

important  effect  on  the  shape  of  the  step,  causing  the  edges 

to  be  rounded  and  the  dynamic  resistance  of  the  step  center 

80 

to  be  greater  than  zero.  This  can  have  a significant 
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effect  on  the  measured  current  width  of  the  step.  The  only 
available  detailed  theoretical  treatment  of  the  effects  of 
noise  on  the  shape  of  the  step  is  within  the  RSJ  model. 
Within  this  approximation,  the  unrounded  step  has  the  same 
characteristic  hyperbolic  shape  of  the  dc  I-V  curve. 

Since  the  dc  I-V  curve  of  our  junctions  is  so  highly 
structured,  it  is  quite  likely  that  the  unrounded  step  shape 
is  also  more  complicated  than  the  relatively  structureless 
RSJ  prediction.  In  fact,  the  measured  step  shape  seems  to 
depend  on  where  it  is  on  the  I-V  curve.  Figure  5.6  shows 
the  shape  of  the  fundamental  step  induced  by  a number  of 
different  FIR  laser  wavelengths  at  various  voltages.  The 
steps  are  superimposed  on  a typical  dc  I-V  curve  with  no 
incident  radiation.  Although  each  step  is  from  a different 
junction,  all  the  dc  I-V  curves  had  the  same  characteristic 
shape  and  the  current  width  of  each  step  shown  is  normalized 
to  its  awn  I^,  The  figure  shows  how  the  step  shape  seems 
in  some  sense  to  mimic  the  underlying  structure  on  the  dc 
I-V  curve  at  that  voltage.  The  0,5  mV  step  (1,22  mm  radia- 
tion) occurs  on  the  very  steep  initial  voltage  rise,  and  the 
sides  of  the  step  also  shov?  this  high  dynamic  resistance  R^^. 
The  steps  at  1,25  mV  (496  um) , 3,65  mV  (170  um) , and  5.22  mV 
(119  um)  all  occur  on  portions  of  the  I-V  curve  that  do  not 
have  a lot  of  extra  structure  or  high  R^^,  and  these  steps 
all  have  shapes  somewhat  closer  to  that  of  the  RSJ  model. 

The  step  at  2,64  mV  occurs  on  the  gap  structure  and  is 


Fig,  5,6  The  variation  in  the  shape  of  the  step  with 
its  voltage.  Each  step  is  taken  from  a separate  high- 
quality  I-V  curve  and  is  normalized  to  its  own 

They  are  superimposed  on  a typical  I-V  curve  to  show 
the  underlying  shape. 
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enhanced  due  to  the  effects  of  the  Riedel  peak.  Its  shape 
is  quite  different  from  the  other  steps  and  has  a very  large 
dynamic  resistance  on  either  side.  Thus,  the  adequacy  of 
the  RSJ  model  in  describing  the  shape  of  the  step  depends 
somewhat  on  the  voltage  of  the  step. 

Despite  the  highly  structured  shapes  of  the  experimen- 
tally observed  steps,  the  RSJ  mo*del  is  still  a reasonable 
first  approximation,  especially  for  a description  of  the 
effects  of  noise  rounding.  We  have  fitted  the  shape  pre- 
dicted theoretically  to  that  measured  in  an  attempt  to  cor- 
rect for  the  effects  of  noise  rounding.  The  predicted  shape 
of  the  n^^  step  can  be  written  as^^ 


V, 


rr/2 


r 


/2yi 
coshj  — T 


'ft 

fF 


I _ _ _ 


ft] 


(5.5) 


dy 


v/here 


^0 


Here  I,V,  and  Rj^  are  respectively  the  current,  voltage,  and 

dynamic  resistance  at  the  step  center  in  the  absence  of 

radiation,  while  i^  and  v^^  are  respectively  the  current  and 

voltage  along  the  induced  step,  measured  from  its  center. 

Iq  is  the  mo-dified  Bessel  function,  and  e,  kg,  and  h have 

their  usual  meanings.  The  effective  noise  temperature, 

is  not  the  bath  temperature,  because  of  the  heating  in  the 

point  contact.^  Thus,  we  must  use  a tv;o  parameter  fit  in 

T and  1 , the  current  half-width  of  the  stop  in  the  absence 
eff  n 

of  noise  rounding. 
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The  value  of  the  parameter  R^I/V  in  Eq,  (5.5)  depends 

on  the  position  of  the  step  on  the  I-V  curve.  Within  the 

RSJ  model,  this  accounts  for  the  underlying  shape  of  the  dc 

I-V  curve.  At  lov/  step  voltages,  where  the  underlying  R^^ 

is  larger,  the  effects  of  noise  are  more  pronounced.  On 

our  I-V  curves,  ~1  for  all  the  steps  except  the  one 

induced  by  1.22  mm  radiation.  We  do  not  see  an  enhancement 

of  the  effects  of  noise  at  the  0.51  mV  step.  Instead,  the 

fit  to  the  RSJ  model  is  the  poorest  at  this  voltage. 

An  example  of  the  type  of  fit  we  obtain  is  shown  in 

Fig.  5.7.  The  data,  shown  as  the  crosses,  are  the  fourth 

harmonic  of  the  496-um-laser-induced  step  at  5.0  mV,  and  the 

experimentally  measured  current  half-width  of  the  step  was 

2.1  luA.  The  solid  lines  are  the  calculated  step  shapes 

using  Eq.  (5.5).  The  fits  shown  in  each  figure  use  the 

value  of  I indicated,  and  are  calculated  for  various  values 
n 

of  T . The  best  fit  is  for  I ~ 3.5  + 0.5  uA  and  T ~ 
eff  n — eff 

15  + 5 K.  The  accuracy  of  the  fit  is  sufficient  to  obtain 
a reasonable  correction  to  the  step  widths  to  account  for 
the  effects  of  noise  rounding.  As  shov/n  by  the  example  in 
Figure  5.7,  these  corrections  can  be  quite  substantial. 

5.4  Frequency  Dependence  of  the  Josephson  Effect 

We  are  now  in  a position  to  measure  the  frequency  de- 
pendence of  the  Josephson  effect.  As  discussed  in  Section 
4.2,  we  use  only  the  results  from  the  fundamental  step,  which 


Fig.  5,7  Two  parameter  fit  for  the  effect:;  of  noise 
rounding,  The  crosses  are  data  showing  the  4t^i  step, 
at  5.0  mV,  induced  by  496  urn  radiation.  The  solid 
lines  are  the  calculated  noise-rounded  RSJ  shape  using 
Eq,  5,5  in  the  text.  Each  figure  is  for  a different 
fitting  value  of  the  unrounded  step  width,  and 

shows  the  shape  for  tliree  effective  noise  temperatures 
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is  most  closely  related  to  the  strength  of  the  Josephson 
effect  at  that  frequency  (voltage).  Figure  5,8  shows  a 
typical  dc  I-V  curve  irradiated  by  three  FIR  laser  lines  of 
decreasing  wavelength.  The  laser  power  in  each  case  is 
such  that  step  size  is  near  its  maximum.  The  decreasing 
size  of  the  steps  is  direct  evidence  of  the  roll  off  of  the 
strength  of  the  Josephson  current. 

Figure  5,9  is  a plot  of  as  a function  of  vol- 

tage, normalized  to  the  gap  voltage,  2A/e,  for  all  of  the 
laser  lines  used.  The  solid  dots  represent  the  largest 
value  of  actually  measured,  while  the  error  bars 

represent  the  range  of  values  after  corrections  have  been 
made  for  the  effects  of  noise  rounding  and  heating  as  des- 
cribed in  the  previous  sections.  The  vertical  error  bars 
represent  the  uncertainty  in  the  noise-rounding  fit,  while 
the  horizontal  error  bars  represent  the  uncertainty  in  the 
exact  voltage  of  the  energy  gap,  reflecting  the  width  of  the 
structure  on  the  dc  I-V  curve.  We  had  enough  laser  pov/er  to 
reach  the  maximum  of  I^  for  all  of  the  steps  except  the  one 
at  1.1  (202  ijm)  . The  datum  shown  for  this  frequency  is 

an  estimate  of  I^^^/I^  obtained  from  a fit  of  Eq,  (4,7)  to 
the  available  power -dependence  data,  and  is  thus  a somewhat 
less  accurate  result  (hence  the  larger  error  bars  on  the 
corrected  value). 

The  solid  line  in  Fig.  5,9  is  the  predic'  '.on  of  the 
voltage-bias,  frequency-dependent  theory  calculated  with 


m 
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Fig.  5,8  Dc  I-V  curves  of  a typical  high-quality 
junction.  The  lowest  curve  is  with  no  incident 
radiation,  while  the  remaining  curves  show  the  Joseph- 
son  steps  induced  by  radiation  at  three  different 
FIR  wavelengths. 
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Fig.  5.9  The  voltage  dependence  of  the  ac  Josephson  effect. 
The  maximum  width  of  the  fundamental  Josephson  step  normalized 
to  the  critical  current  is  plotted  against  the  step  voltage 
normalized  to  the  energy  gap.  The  dots  represent  tlie  measured 
data,  v/hile  the  error  bars  represent  the  range  of  values 
after  they  are  corrected  for  the  reductions  due  to  noise  and 
heating.  The  horizontal  error  bars  reflect  the  uncertainty 
in  the  energy -gap  voltage.  The  solid  curve  is  the  voltage- 
bias  FDSC  (Werthamer)  theory  result;  the  dashed  curve  is  the 
current-bias  RSJ  result- 
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Eq,  (4,7),  llie  singularities  at  the  gap  and  at  one  third 
of  the  gap  would  be  rounded  off,  but  the  details  of  this 
would  depend  on  the  experimental  conditions.  The  data  follow 
the  shape  of  the  theory,  peaking  near  the  gap  and  rolling 
off  above  the  gap.  However,  the  magnitude  of  the  data  is 
consistently  below  that  of  the  theory,  even  after  the  adjust- 
ments for  noise  rounding  and  heating  are  made. 

Below  the  energy  gap,  a reduction  in  is 

expected  if  the  junction  is  current-biased  rather  than  voltage- 
biased.  The  dotted  line  in  Fig,  5,9  shows  the  reduction 
expected  within  the  RSJ  mo'del.  We  have  also  investigated 

the  effects  of  a current  bias  on  the  prediction  of  the 

eV 

frequency-dependent  theory  at  a voltage  — ~ 0.45,  correspond- 

ing to  the  496-\am-laser-induced  step.  Using  the  computer 
calculations  described  in  Section  4,2,  we  obtain 

0.35,  in  good  agreement  with  the  experimental  value.  Tlius 
it  is  tempting  to  attribute  the  decrease  simply  to  current- 
bias  effects.  However,  as  shov^n  previously,  this  is  not 
really  accurate.  At  “ - 0,18  (1.22  mm  line),  v/here  the 
effect  of  a current  bias  should  be  more  pronounced,  the 

measured  is  larger  than  predicted  bv  the  RSJ  model, 

1 c 

and  the  shape  of  the  step  power -dependences  are  better 
described  with  a voltage-bias  approximation , It  might  be 
possible  that  the  step  width  is  reduced  because  of  a current- 
like biasing  condition,  even  though  the  power  dependence 
is  better  described  by  a voltage  bias.  Ir  fact,  neither  a 
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simple  voltage-  nor  current-bias  approximation  is  a completely 
accurate  description  of  the  experiment,  and  a more  realis- 
tic theoretical  handling  of  the  source  impedance  would  be 
desirable. 

Although  a current-bias  approximation  predicts  a de- 
crease in  below  the  gap,  the  values  above  the  gap 

rapidly  approach  those  of  a voltage-bias  approximation. 

This  is  shown  by  the  RSJ  curve  in  Fig,  5,9,  which  rapidly 
converges  above  the  gap  on  the  simple  voltage-bias  prediction 

of  Eq,  (4,3),  0,58,  Thus  the  effects  of  a current- 

1 c 

bias  approximation  can  not  explain  the  discrepancy  between 
the  data  and  the  theory  above  the  gap,  although  a more 
realistic  handling  of  the  source  impedance  might  improve  the 
agreement. 

It  is  also  possible  that  there  could  be  a more  rapid 
roll  off  than  predicted  by  the  Werthamer  theory.  At  these 
high  frequencies,  the  Josephson  period  is  shorter  than  the 
characteristic  times  of  the  superconductor  (e,g,  the  Ginzburg- 

) , This  may  affect  the  dynamics 
of  the  currents  in  the  junction  and  cause  the  smaller  steps. 
The  effects  of  the  finite  relaxation  time  of  the  order  para- 
meter have  been  examined^^' using  time -dependent  Ginzburg- 
Landau  (TDGL)  theory,  and  have  been  shown  to  offer  a possible 
explanation  of  the  excess  current  characteristic  of  our  dc 
I-V  curves.  Finite  relaxation  times  have  been  included 


Landau  time,  t 


GL 


_ T?h 
8k^T; 


phenomenologically  within  an  analogue  simulation  of  the 
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RSJ  model  to  calculate  the  high-frequency  roll  off  of  the 

8 3 

Josephson  effect.  However,  to  fit  the  data  on  indium 

microbridges,  this  RSJt  model  required  a relaxation  time 

two  orders  of  magnitude  larger  than  t__,  and  the  internal 

GL 

82 

consistency  of  this  model  has  been  questioned.  It  would 
seem  desirable  to  extend  the  more  fundamental  type  of  TDGL 
calculations  to  include  an  rf  source  and  to  investigate 
more  thoroughly  the  effects  of  a finite  relaxation  time, 
vdiich  may  play  a role  in  explaining  our  experimental  data. 


CHAPTER  VI 


I 

^ POTENTIAL  APPLICATIONS 

6.1  Low-Power  Laser  Measurements 

Josephson  point-contact  devices  may  hold  great  promise 
for  use  as  detectors  and  mixers  in  the  FIR  region  of  the 
spectrum.  While  our  work  has  focused  on  the  more  fundamen- 
tal characteristics  of  our  high-quality  junctions,  their 
potential  for  use  as  practical  devices  should  also  be 
examined.  In  order  to  characterize  further  the  high-frequency 
performance  of  our  junctions,  we  have  investigated  their 
voltage  response  to  low-level  laser  radiation,  v/hen  the  dc 

bias  is  in  the  vicinity  of  the  incipient  first  step. 

I 

Frequency-selective,  incoherent  detectors  operated  in  this 

84—8  6 

mode  have  been  proposed,  although  much  better 

sensitivity  has  been  attained  with  Josephson-ef feet  mixers 

87  88 

using  external  local  oscillators.  ' 

We  have  been  primarily  interested  in  the  intrinsic 
response  of  the  junction  itself,  and  have  not  addressed 
the  very  important  practical  issue  of  optimizing  the  coup- 
I ling  efficiency  of  the  point  contact  to  the  laser  radiation. 

I All  of  our  measurements  are  referred  to  the  power  actually 

coupled  into  the  junction.  This  was  done  as  follows, 

1 

Initial  measurements  on  each  junction  were  made  at  high 
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enough  laser  powers  to  induce  constant-voltage  steps  on  the 

dc  I-V  curves.  In  Section  5.1,  we  have  shown  that  the  power 

dependence  of  the  current  half-widths  of  these  steps  are 

reasonably  well  described  by  the  simple  voltage-bias  approxi- 

5 8 

mation  of  Werthamer's  frequency-dependent  theory.  By 
fitting  the  data  for  each  junction  to  the  theory,  we  were 
able  to  calibrate  our  external  power  meter  in  terms  of  2a  = 
the  normalized,  laser-induced  voltage  in  each 
junction.  From  this  we  calculated  the  induced  power  in  the 
junction. 


P = 

R 2R 


_1 

y e j 2R 


(6.1) 


In  this  way,  we  could  refer  all  measurements  to  the  power 

actually  coupled  into  the  junction. 

In  the  limit  of  very  small  laser  power,  the"  noise- 

84 

rounded  RSJ  model  predicts  the  voltage  response  of  the 
junction  in  the  vicinity  of  the  incipient  step  oo  be 


. ~-ii-  p 

n . 2 ' 


(6.2) 


with  the  characteristic  noise  current 


(6.3) 
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Here,  I,  V,  and  Rj^  are  respectively  the  dc  current,  dc  volt- 
age, and  dynamic  resistance  at  the  step  center  in  the  absence 
of  radiation,  while  i^  is  the  dc  bias  current  measured  from 
the  step  center.  Equation  (6.2)  predicts  a resonant  response 
that  changes  sign  at  the  step  center  and  peaks  at  a bias 
current  i^  on  either  side.  The  magnitude  of  the  peak  response 
is  also  predicted  to  be  linear  in  the  laser  power  coupled 
into  the  junction. 

To  make  these  measurements,  the  output  of  the  CO^  laser 
was  chopped  at  450  Hz  with  a 50%  duty  cycle  and  the  voltage 
response  to  the  FIR  laser  was  detected  synchronously.  A 
typical  measured  response  is  shown  in  the  inset  of  Fig.  6.1 
for  ~ 3.7  X 10  W of  604  GHz  (496  um)  laser  radiation 
coupled  into  the  junction.  This  particular  junction  had  Rj^  = 

70  Q,  and  I = 21  ijA  at  the  1.25  mV  step.  The  voltage  separation 
between  the  two  peaks  implies  Iq  0.36  yA,  in  reasonable 
agreement  with  the  0.25  jjA  predicted  by  Eq.  (6.3)  for  = 

5 K,  the  effective  noise  temperature  obtained  from  a step- 
shape  fit.  In  the  inset  of  Fig.  6.1,  the  solid  points  show 
the  response  calculated  using  Eq.  (6.2)  with  the  height  and 
width  adjusted  to  fit  the  data.  Good  agreement  with  the 
theory  is  obtained  for  the  shape  of  the  response. 

As  the  laser  power  is  varied,  the  sh?pe  of  the  response 
and  the  value  of  i^  remain  the  same,  while,  as  shown  in 
Fig.  6.1,  the  magnitude  of  the  peak  response,  v^,  decreases 
linearly  with  decreasing  laser  power  as  predicted  by  the 


X = 496  fitn 
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5 ~ 8 X 10^  V/W 
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• RSJ  ■ 
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Fig,  6.1  The  peak  voltage  response,  measured  near  the 
first  step,  as  a function  of  the  496-um-laser  power 
coupled  into  the  junction,  for  a 110  Q high-quality 
point  contact.  The  inset  shows  the  voltage  response 
as  a function  of  bias  voltage  for  ~ 3,7  x 10“^^  W 
coupled  power.  The  solid  dots  are  the  shape  predicted 
byEq,  (6.2)  in  the  text. 
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4 

theory.  However,  the  measured  responsivity,  s , is  ~ 8 x 10 
V/W  which  is  substantially  less  than  the  value  predicted  by 
the  theory,  5 = l/2iQ  ==  1.4  x 10  V/W.  Our  best  measured 

5 

responsivity  at  600  GHz  was  ~ 2 x 10  V/W,  but  was  still 
less  than  the  predicted  value.  The  reason  for  this  dis- 
crepancy is  not  understood.  However,  it  is  likely  that  the 
RSJ  model  cannot  be  used  to  make  quantitative  predictions 
at  these  high  frequencies,  where  other  frequency-dependent 
effects  become  important. 

We  have  also  tried  to  make  these  sorts  of  measurements 
at  different  FIR  frequencies.  Attempts  to  measure  the  re- 
sponsivity using  245  GHz  (1.2  mm)  laser  radiation  were  not 
successful.  The  laser-induced  step  at  0.51  mV  occurs  at  the 
middle  of  the  very  steep  voltage  onset.  The  dynamic  resist- 
ance was  too  large  to  maintain  a stable  enough  dc  bias  with 
the  current-bias  network  used,  and  we  were  unable  to  measure 
the  resonant  response  at  low  laser-power  levels  and  small 
step  sizes.  We  were  able  to  measure  the  resonant  response 
around  the  5.22  mV  step  induced  by  2.52  Tllz  (119  qm)  laser 
radiation.  As  shown  in  Fig.  6.2,  its  shape  was  again  well 
described  by  the  RSJ  prediction  of  Eq.  (6.2).  For  a junction 
that  had  R = R^^  = 60  Q and  I = 113  qA  at  th^  step,  the 
measured  i^  was  0.91  qA,  compared  to  the  0.62  uA  predicted 
by  Eq.  (6.3),  using  T^^^  = 15  K,  the  noise  temperature 
obtained  from  a step-shape  fit.  The  response  was  also 

linear  in  laser  power  but  the  measured  responsivity  was  only 
2 

S ~ 4 X 10  V/W,  far  below  the  value  predicted  for  this  i^. 


X DATA 


5 * 4 X 10  V/W 


POWER  (W) 


Fig.  6.2  The  peak  voltage  response,  measured  near 
the  first  step,  as  a function  of  the  119-^m-laser 
power  coupled  into  the  junction,  for  a 60  0 high- 
quality  point  contact.  The  inset  shows  a typical 
measurement  of  the  voltage  response  as  a function 
of  bias  voltage.  The  solid  dots  are  the  shape 
predicted  by  Eq.  (6,2). 
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which  is  s 6 X 10  V/W.  Thus  the  disagreement  with  the 
RSJ  model  becomes  even  more  severe  as  the  frequency  increases. 
With  the  llO-qm-laser  radiation,  there  was  also  a non- 
resonant, bolometric  response  whose  magnitude  was  somewhat 
less  than  that  of  the  resonant  response.  This  sort  of 
bolometric  response  is  predicted  by  Tinkham  et  al,  to 
become  larger  than  the  Josephson  response  at  high  frequencies, 
with  the  crossover  at 


fc  = S 


^2 


(6.4) 


where  Pq  10  uW,  For  this  junction,  f^  6 THz,  which  cor- 
responds to  X = 50  ijm.  Thus,  even  at  119  qm,  observable 
heating  effects  are  expected. 


6,2  Noise  Limitations 

Our  best  observed  noise  equivalent  power  (NEP)  at  604 
GHz  was  ~ 10  W/yilz,  measured  v/ith  a 1 second  time  constant, 
and  referred  to  laser  power  coupled  into  the  junction.  It 
was  limited  by  voltage  fluctuations  in  the  junction  at  the 
chopping  frequency  (450  Hz)  which  obscured  the  laser 
response.  Figure  6.3  shows  the  frequency  dependence  of  the 
voltage  noise  power  spectrum,  S^(f),  for  a 92  Q junction. 

It  was  measured  at  three  different  bias  levels,  and  cor- 
rected for  the  background  noise  level.  Although  there  is 
considerable  scatter  in  the  data,  the  frequency  dependence 
appears  to  be  approximately  1/f  , Data  from  other  junctions 
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FREQUENCY  (Hz) 

Fig,  6.3  The  spectral  density  of  the  voltage  fluctua- 
tions for  a 92  Q junction  measured  at  three  different 
bias-voltage  levels.  The  data  have  been  corrected 
for  the  background  noise  (circles),  measured  across  a 
100  Q resistor.  The  dashed  line  shows  a 1/f^  frequency 
dependence. 
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had  similar  amounts  of  scatter,  but  all  seemed  to  have 

-2 

approximately  the  same  f frequency  dependence.  However, 
the  level  of  (f)  varied  by  as  much  as  an  order  of  magni- 
tude from  junction  to  junction.  The  data  shown  in  Fig.  6.3 
were  taken  at  T 2 K,  below  the  X -point  of  the  liquid  He 
bath,  to  ensure  that  the  bubbling  of  the  He  bath  did  not 
contribute  to  the  measured  noise  power.  However,  approxi- 
mately the  same  level  and  frequency  dependence  was  found  at 
4.2  K.  At  450  Hz,  v/e  have  also  measured  the  voltage  noise, 

V^,  as  a function  of  bias  voltage.  We  find  that  for  bias 
voltages  up  to  ~ 3-5  mV,  it  depends  on  the  dynamic  resistance, 
\/ith  approximately  constant  which  corresponds  to  a 

voltage-independent  current  noise  source.  At  higher  bias 
voltages,  increases  with  the  bias  voltage,  perhaps  due 
to  heating  effects.  Although  this  high  level  of  fluctuations 
severely  limits  our  measured  NEP,  the  1/f  dependence  of 
S^(f)  suggests  that  the  detector  performance  could  be 
improved  considerably  by  going  to  higher  chopping  frequencies. 
The  origin  of  both  the  magnitude  and  the  frequency 

2 

dependence  of  the  observed  S^(f)  is  not  understood.  The  1/f 

frequency  dependence  is  unlike  that  observed  for  thin 
89 

metallic  films  or  resistively-shunted  Josephson  tunnel 
90 

junctions,  which  both  shov/  a 1/f  behavior  of  S^(f).  More 
experimental  measurements,  over  a v/ider  frequenc'-  range, 
v/ill  probably  be  required  for  a complete  understanding  of 
the  nature  of  these  fluctuations. 


A 
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Despite  the  large  spectral  density  of  the  low-frequency 

voltage  noise,  its  contribution  to  the  linewidth  of  the 

Josephson  radiation  is  relatively  small.  The  linewidth, 

which  determines  the  voltage  separation  between  the  two 

84 

peaks  of  the  resonant  response  in  the  RSJ  model,  corresponds 

to  ~25  |iV  for  the  496  p.m  data  described  in  the  previous 
• 91 

section.  According  to  standard  FM  theory,  narrow-band. 


low-frequency  noise  contributes  its  full  root-mean-square 

-:2  ^ 

voltage  deviation,  v , to  the  linewidth,  while  broad-band 


because  of 


"motional  narrowing."  Nevertheless,  the  broad-band  noise 

is  still  the  major  cause  of  the  measured  linewidth.  The 

contribution  from  the  low-frequency  noise  can  be  estimated 

by  assuming  a 1/f  frequency  dependence  and  a typical  value 

of  S^(f)  10"'^^  V^/Hz  at  100  Hz  (from  Fig.  6.3),  Integrat- 

-4 

ing  the  spectral  density,  including  frequencies  down  to  10 
Hz,  gives  a contribution  to  the  linewidth  of  less  than  1 uV, 
Other  noise  sources  can  become  important  at  the  rela- 
tively high  levels  of  dissipated  power  that  are  achieved 
when  the  device  is  operating  at  FIR  frequencies.  The  most 
important  of  these  is  heating.  As  discussed  in  Section  5.3, 

a fit  of  the  shape  of  the  laser-induced  step  to  the  predic- 

80 

tion  of  the  noise-rounded  RSJ  model  yields  T^^^  at  the 
step  voltage.  Using  the  496-um-laser-induced  steps,  we  have 
measured  T^^^  as  a function  of  bias  voltage,  and  plot  the 
results  in  Fig.  6.4,  These  data  demonstrate  a result  that 
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Fig,  6.4  The  effective  noise  temperatures,  from  a fit 
of  the  shape  of  the  49 6-uiTi-laser -induced  steps.  The 

data  is  in  good  agreement  with  the  calculated  T due 

ef  f 

to  the  heating-enhanced  Johnson  noise  of  a metallic 
constriction,  but  is  substantially  less  than  the 
shot  noise  predicted  for  a tunnelling- type  contact. 
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could  be  important  for  practical  devices  : even  at  power 
dissipation  levels  well  below  P^,  where  the  reduction  in 
the  superciirrent  due  to  heating  is  small,  the  effective 
noise  temperature  can  still  be  significantly  larger  than  the 
bath  temperature. 

As  shown  in  Fig,  6,4,  the  measured  sre  in  good 

agreement  with  the  noise  temperatures  predicted  by  the  heat- 
ing  theory  of  Tinkham  et  al.  In  this  theory,  it  is  assumed 
that  the  junction  is  a metallic  constriction,  and  the  local 
temperature  distribution  due  to  power  dissipation  from  both 
the  dc  and  the  laser-induced  currents  is  calculated.  An 
average  of  this  local  temperature  weighted  by  the  contribu- 
tion of  each  element  of  the  constriction  to  the  resistance 
of  the  contact  gives  an  effective  Johnson  noise  temperature, 

T As  shown  in  Fig,  6,4,  the  data  seem  inconsistent  with 

ef  f 

the  much  higher  to  shot  noise  expected  for  a 

80 

tunnelling  type  of  contact  at  these  voltage  levels.  The 

level  of  shot  noise  would  depend  on  the  relative  amounts  of 

"pair"  and  quasiparticle  currents,  but  would  be  expected 

to  fall  within  the  shaded  region  in  Fig,  6,4,  It  is  possible 

that  a metallic  constriction  might  also  shov/  shot  noise,  but 

only  if  its  dimensions  were  much  less  than  the  electron 

49 

mean  free  path  in  the  vicinity  of  the  constriction,  which 
appears  not  to  be  the  case  in  our  point  contacts,^  Neverthe- 
less, these  noise  temperature  data  support  the  other  experi- 
mental evidence  which  suggests  that  junctions  like  ours  are 
modelled  better  as  small  metallic  constrictions  than  as 
tunnel  junctions. 
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6,3  Low-Power  Behavior  of  I 

c 

One  of  the  peculiar  features  of  our  high-quality  junc- 
tions is  the  behavior  of  the  I-V  curves  in  the  vicinity  of 
the  critical  current  at  low  laser  powers.  Examples  of  dc 
I-V  curves  with  no  incident  laser  radiation,  and  with  the 
critical  current  depressed  by  successively  increasing  powers 
from  the  496-|am-laser  line,  are  shown  in  Fig.  6,5  for  two 
high-quality  junctions  with  resistances  of  (a)  50  Q and  (b) 
100  Q.  The  effect  of  the  low-level  laser  radiation  is  to 
considerably  reduce  the  dynamic  resistance  of  the  lower  por- 
tion of  the  voltage  rise,  so  that  there  appears  to  be  a 
gradual  voltage  onset  rather  than  the  very  steep  onset  seen 
with  no  incident  radiation.  However,  the  steep  upper  por- 
tion of  the  initial  voltage  rise  and  the  excess  current  at 
higher  voltages  are  not  reduced  nearly  as  fast  as  the  criti- 
cal current.  As  the  laser  power  is  increased  further  and 
the  critical  current  passes  through  its  first  zero,  this 
effect  becomes  much  less  pronounced,  with  the  initial  voltage 
onset  not  as  gradual  and  the  dynamic  resistance  becoming 
somewhat  larger  again,  as  shown  by  the  dotted  I-V  curves 
in  Fig.  6,5,  We  see  similar  low-laser -power  behavior  in  all 
our  high-quality  junctions,  and  for  all  the  laser  frequencies 
used.  Figure  6.6(a)  shows  a further  example  for  an  80  ii 
junction  irradiated  by  successively  increasing  powers  of 
119-q.m-laser  radiation.  Similar  behavior  has  also  been 

go 

reported  by  others  using  2,3  mm  (130  GHz)  radiation,  but 


X = 496  am 


Fig.  6,5  A sequence  of  dc  I-V  curves  of  high-quality 
junctions  with  the  critical  currents  successively 
depressed  by  increasing  496-um-laser  power.  The 
critical  currents  of  the  dashed  curves  have  passed 
through  their  first  zero.  Note  the  decrease  in  at 

the  voltage  onset  as  the  laser  power  increases.  The 
resistances  of  the  junctions  are  (a)  50  and  (b)  100  Q 


Fig.  6.6  A sequence  of  dc  I-V  curves  with  the  critical 
currents  successively  depressed  by  increasing  119-^m- 
laser  power.  (a)  High-quality  junction,  showing  a 
large  decrease  in  the  initial  and  (b)  poor-quality 

junction,  which  does  not  show  as  large  a decrease  in 
the  initial  R„. 
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only  for  junctions  that  had  R ~ 60  Q and  that  would  not  he 

labelled  as  high-quality  in  our  classification  scheme.  This 

behavior  contrasts  with  the  RSJ  prediction  and  with  the 

reported  behavior  of  point  contacts  with  much  lower  I R 
92 

products,  where  there  is  not  such  a large  decrease  in  the 

initial  and  the  whole  voltage  onset  moves  to  lower  current 

levels  as  I is  decreased.  The  latter  behavior  is  observed 
c 

in  our  poor-quality  junctions,  as  shown  by  the  example  in 

Fig.  6.6(b)  for  119  qm  radiation. 

The  low-laser-power  behavior  of  our  "ideal"  junctions 

may  necessitate  a reexamination  of  the  optimum  operating 

conditions  if  these  junctions  are  used  as  mixers  with 

external  local  oscillators  (LO) , Operation  in  this  mode  is 

usually  optimized  with  the  critical  current  reduced  to  ~ 

by  the  LO  power,  and  with  the  dc  bias  point  set  at  about 

88  93 

half  the  voltage  of  the  first  step,  ' Hov/ever,  good 

performance  also  requires  that  R^  be  as  high  as  possible. 

Thus  if  junctions  like  these  are  used  as  mixers,  it  may  be 

necessary  to  operate  with  less  LO  power,  to  maintain  a 

87 

reasonably  high  R^,  We  note  that  Edrich  et  al,  have 
reported  excellent  performance  of  a Josephson  mixer -receiver 
that  used  a point  contact  whose  I-V  curve  had  a very  large 
Rjj  at  the  voltage  onset  similar  to  our  high-quality  junctions. 
They  obtained  the  best  performance  when  the  300  GHz  LO 
reduced  by  only  a few  percent.  Further  experimental 
testing  in  a mixer  configuration  is  necessary  to  fully 
address  this  issue. 
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6,4  Practical  Devices 

In  the  course  of  our  experiments,  we  have  identified 
those  junctions  that  have  the  best  high-frequency  performance, 
and  have  studied  their  characteristics.  However,  the  pri- 
mary goal  of  our  work  has  been  a study  of  the  high-frequency 
Josephson  effect,  and  the  main  criterion  for  classifying  and 
optimizing  our  point  contacts  was  the  existence  of  large 
Josephson  steps  well  above  the  energy  gap.  In  fact,  our 
high-quality  junctions  may  not  be  the  optimum  ones  for  some 
practical  device  applications,  in  which  the  Josephson  effect 
at  these  very  high  frequencies  might  be  less  important.  For 
example,  stability  requirements  may  favor  more-oxidized  junc- 
tions, even  though  their  high-frequency  performance  is  more 
limited.  The  difficulty  in  maintaining  a stable  dc  bias  on 
the  very  high  dynamic  resistance  of  the  voltage  onset  of  our 
high-quality  junctions  may  also  limit  their  use  as  mixers. 
Hov/ever,  in  cases  where  excellent  high-frequency  performance 
is  essential,  junctions  like  these  will  probably  be 
necessary. 

One  of  the  most  promising  applications  of  Josephson 
point  contacts  is  their  use  as  the  nonlinear  mixing  element 
in  heterodyne  receivers.  In  this  configuration,  the  signals 
from  the  source  and  an  external  local  osc.illacor  are  mixed 
in  the  Josephson  device  to  produce  a beat  signal  at  the 
difference  frequency.  This  intermediate  frequency  (if) 
signal  is  usually  in  the  MHz  region,  and  is  detected  with 
conventional  electronics.  The  high-frequency  performance 
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of  Josephson  point-contact  mixer -receivers  has  recently  been 
reported  by  three  groups In  each  case,  the 
results  were  very  encouraging,  vi^ith  mixer  noise  temperatures 
that  compared  favorably  with  the  best  non-Josephson  devices 
at  similar  frequencies.  The  I-V  curves  of  the  junctions 
used  by  Claassen  and  Richards  at  130  GHz  (2.3  mm)  did  not 
resemble  those  of  our  high-quality  point  contacts.  However, 
at  300  GHz  (1  mm),  Edrich  et  al,^^  obtained  the  best  per- 
formance with  junctions  whose  I-V  curves  had  many  features  in 

94  95 

common  v/ith  our  high-quality  I-V  curves.  At  450  GHz,  Blaney  ' 
found  that  the  best  performance  required  the  use  of  point 
contacts  whose  I-V  curves  closely  resembled  those  of  our 
high-quality  junctions.  Thus,  it  appears  that  the  success- 
ful operation  of  Josephson  point-contact  mixers  at  FIR  fre- 
quencies will  require  junctions  like  ours.  Furthermore, 
these  devices  appear  to  be  quite  promising  as  low-noise 
mixers . 

Josephson  point-contact  mixers  are  already  widely  used 

5 

in  metrology  applications.  In  this  case,  it  is  not  their 

good  sensitivity  that  is  important,  but  rather  their  extreme 

nonlinearity,  which  makes  them  very  effective  mixing  elements. 

Because  they  can  generate  very  high  harmonics  of  incident 

96 

microwave  radiation,  they  are  commonly  used  in  frequency 
counting  chains.  The  unknown  FIR  frequency  is  mixed  with  a 
harmonic  of  a well  known  microwave  frequency.  By  using 
counting  techniques  to  measure  the  if,  the  FIR  frequency 
can  be  determined  very  accurately,  Josephson  point  contacts 
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have  even  been  used  to  mix  two  CO^  lasers,  although  the 
mechanism  involved  was  probably  bolometric  rather  than 
Josephson.  However,  the  difference  frequency  (~  100  GHz) 
could  be  further  down-converted  with  harmonics  of  microwaves, 
suggesting  that  the  Josephson  mixing  action  had  not  been 
completely  washed  out  by  heating  effects.  In  these  sorts 
of  applications,  point  contacts  similar  to  our  high-quality 
junctions  are  always  used. 

If  Josephson  point  contacts  are  to  achieve  wide  use  as 
practical  devices  in  high-frequency  applications,  some  tech- 
nical problems  must  be  overcome.  The  first  of  these  is 
coupling.  Although  sufficient  for  our  pruposes,  our  coupling 
scheme  is  inadequate  when  signal  powers  are  small,  as  they 

are  for  detector  applications.  Considerable  effort  has  been 

94  95 

devoted  to  this  problem  recently.  Blaney  ' has  used 

microwave  waveguide  techniques  very  successfully  at  450  GHz, 

and  expects  them  to  be  effective  up  to  ~900  GHz,  At  higher 

frequencies  (1-1.5  THz),  quasi-optical  techniques  have  been 

98 

successful  with  Schottky  diodes,  and  should  be  applicable 
to  Josephson  point  contacts  as  well. 

The  second  problem  is  the  fragile  nature  of  point  con- 
tacts, and  the  fact  that  they  must  be  adjusted  in  situ  to 
obtain  good  performance.  To  be  practical,  a point  contact 

should  be  fairly  rugged,  permanently  adjusted,  and  able  to 

99 

withstand  temperature  cycling.  Cross  and  Blaney  have  had 


some  success  encapsulating  Nb  cat-whisker  point  contacts  in 
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a glass  with  the  same  temperature  coefficient  of  expansion 
as  the  metal,  but  further  improvements  are  required.  If 
these  technical  problems  can  be  solved,  Josephson  point 
contacts  have  the  potential  of  finding  wide  use  as  practical 
devices . 


CHAPTER  VII 


CONCLUSIONS 


These  experiments  were  undertaken  in  an  attempt  to 
measure  the  FIR  frequency  dependence  of  the  Josephson  effect. 
Although  a wide  variety  of  superconducting  devices  show  the 
Josephson  effect,  the  high-frequency  behavior  of  many  of 
these  is  dominated  by  such  extrinsic  limitations  as  capaci- 
tive shunting  and  Joule  heating.  These  limitations  are 
avoided  in  niobium  cat-whisker  point  contacts.  Their  minute 
size  makes  their  capacitance  very  small,  ^ v/hile  their  three- 
dimensional  geometry  and  relatively  high  impedance  reduce 
Joule-heating  effects.^  Thus,  a measurement  of  the  intrinsic 
frequency  dependence  of  the  strength  of  the  Josephson  effect 
seems  to  require  the  use  of  point-contact  devices. 

We  have  studied  the  Josephson  effect  by  monitoring  the 
constant-voltage  steps  induced  on  tlie  dc  I-V  curves  by 
radiation  from  an  optically  pumped  far-infrared  (FIR)  laser  „ 

A fundamental  step  at  voltage,  V,  is  direct  evidence  of  the 
existence  of  the  Josephson  effect  at  the  frequency  f ==  2eV/h. 

By  studying  the  power  dependence  of  the  current  half-width 
of  this  step,  we  measure  the  strength  of  the  Josephson  effect 
at  that  frequency. 

Our  optically  pumped  FIR  laser  was  of  the  high-efficiency, 
large-diameter,  dielectric-waveguide  type  first  suggested  by 
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Hodges  et  al.  and  now  quite  widely  used.  It  was  pumped 
by  a CO^  laser  and,  on  strong  lines  gave  ~10  mW  in  a nearly 
Gaussian,  linearly-polarized  output  beam.  One  novel  feature 
was  our  extension  of  the  use  of  capacitive-mesh  output 
couplers  throughout  the  FIR  spectrum,  from  42  gm  to  1.22  mm. 
In  addition,  we  developed  a hybrid  capacitive-mesh  hole 
coupler  that  gave  improved  performance  at  the  shorter  wave- 
lengths . 

The  point  contacts  used  in  these  experiments  were  made 
with  a combination  of  mechanical  adjustment  and  high-current- 
density  burn-in,  a technique  we  found  to  be  quite  successful 
for  producing  high-quality  junctions.  Based  on  the  number 
of  steps  shown  with  the  FIR  radiation,  the  different  types 
of  junctions  commonly  obtained  were  classified,  and  their 
high-frequency  behavior  was  correlated  with  the  shape  of  the 
dc  I-V  curve . 

We  were  able  to  identify  a class  of  junctions  that  gave 
excellent  high-frequency  performance.  Ihese  high-quality 
junctions  were  found  to  have  quite  reproducible,  character- 
istic features  on  their  dc  I-V  curves,  including  an  I^R 
product  near  the  theoretical  maximum  (~  2.2  mV),  a very 
sharp  voltage  rise  of  V^  ~ 0,5  energy-gap  voltages 

between  ~2.8  and  3.1  mV,  very  pronounced  gap  structure,  and 
an  excess  current  of  I - O.G  I above  the  gap.  This  now 
gives  a useful  prescription  for  recognizing  high-quality 
junctions  based  on  their  dc  I-V  curves,  without  the  need  for 
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a high-frequency  test. 

To  describe  the  sharpness  of  the  structure  at  the  energy 
gap  we  introduced  the  parameter  S,  defined  as  the  ratio  of 
the  differential  resistance  just  above  the  gap  to  the  dif- 
ferential resistance  just  below  the  gap.  We  find  that  S 
is  a more  sensitive  parameter  than  I^R  in  determining  the 
high-frequency  behavior,  and  has  a strong  correlation  with 
the  highest  voltage  at  which  the  ac  Josephson  effect  still 
exists.  Indeed,  N , the  highest  harmonic  step  induced  by 
496  ijm  radiation,  increases  roughly  linearly  with  S,  Further- 
more, high-quality  junctions  with  S ^ 2,0  always  showed  a 
step  at  5,22  mV  with  119  jjm  radiation.  In  contrast,  v/e 
found  no  evidence  to  link  the  excess  current  to  the  ac 
Josephson  effect. 

We  have  compared  the  features  of  the  dc  I-V  curves  of 
our  high-quality  junctions  with  various  theoretical  predic- 
tions, The  smooth,  structureless  RSJ  curve  provides  a quali- 
tative description,  but  does  not  contain  any  of  the  distinc- 

50 

tive  features  of  the  data,  McDonald  et  al,  have  calculated 
the  I-V  curve  of  a current-biased,  zero-capacitance  tunnel 
junction  using  a frequency-dependent  theory, This  pre- 
diction does  show  large  currents  below  the  gap  (unlike  the 

i 

more  familiar  capacitance-dominated  tunnel- junction  I-V  curve), 
but  a more  realistic  handling  of  the  gap  singularity  and  a 
treatment  of  the  effect  of  current-induced  disequilibrium 
in  the  electrodes  is  necessary  before  any  more-quantitative 
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comparisons  with  the  data  can  he  made.  The  major  feature 
not  accounted  for  by  this  model  is  the  excess  current  above 
the  gap.  Calculations^*^' which  apply  TDGL  theory  to  short 
metallic  constrictions  have  been  shown  to  contain  this  fea- 
ture with  approximately  the  correct  magnitude.  This  com- 
plements other  experimental  evidence  which  seems  to  support 
modelling  our  point  contacts  as  very  small  metallic  con- 
strictions, rather  than  tunnel  junctions.  However,  the  dis- 
tinction between  the  two  models  becomes  somewhat  blurred 
for  the  point-contact  geometry,  and  a more  realistic  theoreti- 
cal treatment  seems  necessary  for  a complete  description  of 
the  data. 

We  have  measured  the  power  dependence  of  the  step  widths 
using  FIR  frequencies  from  245  GHz  to  2,52  THz,  The  data  is 
quite  reproducible  from  junction  to  junction,  showing  that 
high-quality  point  contacts  are  as  consistent  in  their  high- 
frequency  behavior  as  in  the  shape  of  their  dc  I-V  curves. 

Taken  as  a whole,  the  power -dependence  data  seem  to  be 

reasonably  well  described  by  the  shape  predicted  by  a voltage- 

58 

bias  approximation  of  Werthamer's  frequency-dependent  theory. 
The  agreement  is  particularly  convincing  at  the  lower  fre- 
quencies, where  the  fundamental  step  occurs  at  less  than 
half  the  gap  voltage.  The  many  harmonic  steps  observed  with 
these  laser  lines  increase  the  amount  of  available  data  and 
provide  more  opportunities  for  detailed  agreement  with  the 
theory. 
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For  all  the  frequencies  measiared,  the  theoretical  pre- 
dictions must  be  scaled  down  by  a factor  of  at  least  two  to 
obtain  a quantitative  fit  to  the  data.  Some  of  this  dis- 
crepancy is  caused  by  heating-related  effects.  Our  measure- 
ments of  the  heating  parameters  of  our  point  contacts  suggest 
that,  at  high  laser  powers,  the  supercurrent  and  hence  the 
step  widths  will  be  reduced  by  ~ (10-20)%,  However,  a more 
important  effect  of  the  heating  is  the  increased  effective 
noise  temperature  which  causes  additional  rounding  of  the 

OA 

step  edges.  By  using  a fit  to  the  noise-rounded  RSJ  model, 
we  have  obtained  an  estimate  of  the  necessary  corrections  to 
the  data.  Nevertheless,  even  after  the  data  are  adjusted  to 
account  for  heating-related  effects,  there  remains  a signi- 
ficant discrepancy  with  the  magnitude  of  the  theoretical 
prediction. 

We  have  used  the  maximum  current  half-v/idth  of  the  funda- 
mental step  normalized  to  the  zero-power  critical  current, 
as  a measure  of  the  strength  of  the  ac  Josephson 
effect  at  the  step  voltage.  By  taking  data  \'ith  different 
FIR  laser  lines,  and  correcting  each  experimental  value  to 
account  for  the  effects  of  noise  rounding  and  heating,  we 
obtain  a measurement  of  the  intrinsic  frequency  dependence 
of  the  Josephson  effect.  The  data  follow  the  trend  predicted 

by  the  voltage-bias  version  of  Werthamer's  frequency-dependent 
58 

theory,  peaking  near  the  gap  and  rolling  off  beyond.  How- 
ever, the  measured  values  are  consistently  about  a factor 
of  two  below  the  theoretical  predictions.  The  cause  of  this 


discrepancy  is  not  known.  Below  the  gap,  the  effects  of  a 

nonzero  source  impedance  might  cause  a reduction  in  , 

1 c 

while  above  the  gap,  nonequilibrium  relaxation  time  effects 
may  offer  an  explanation  for  the  discrepancy.  Nevertheless, 
the  data  confirm  the  intrinsic  roll  off  of  the  strength  of 
the  Josephs on  effect  above  the  gap  frequency. 

The  excellent  high-frequency  performance  of  our  high- 
quality  junctions  makes  them  potentially  useful  for  more 
practical  applications.  To  investigate  their  potential  fur- 
ther, we  have  made  measurements  of  their  characteristic 
noise  levels,  both  with  and  without  incident  FIR  radiation. 

Noise  temperatures  obtained  from  a fit  of  the  laser-induced 
80 

step  shape  increase  with  bias  voltage  in  agreement  v/ith 

the  calculated^  increase  due  to  the  additional  Johnson  noise 

caused  by  Joule  heating  at  the  contact.  Ho-A^ever,  they  are 

substantially  less  than  the  predicted  effective  temperatures 

due  to  tlie  shot  noise  expected  for  a tunnelling  type  of 
^ 80 

contact. 

For  low  laser  power  and  a dc  bias  in  the  vicinity  of 
the  incipient  first  step,  the  junction  operates  as  a frequency- 
selective  incoherent  detector.  Our  best  observed  NEP  at 
604  GHz  v/as  ~ 10  W/THz’,  and  was  limited  by  the  voltage 
noise  in  our  point  contacts  at  the  chopping  frequency  (450 
Hz),  We  have  measured  the  power  spectrum  of  these  voltage 
fluctuations  from  --10  Hz  - 50  kHz,  and  find  an  approximately 
1/f  frequency  dependence,  so  that  v/e  would  expect  the  NEP 
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to  ba  considerably  improved  at  higher  chopping  frequencies. 

Both  the  shape  and  the  power  dependence  of  the  resonant 

84 

response  near  the  first  step  agree  with  calculations  using 
the  resistively-shunted  junction  (RSJ)  model  when  noise 
and  heating  effects  are  included.  Our  best  responsivity 
at  604  GHz  is  2 x 10  V/W,  but  this  drops  considerably  at 
higher  frequencies.  The  responsivity  predicted  within  the 
RSJ  model  does  not  agree  with  the  data,  and  more  work  is 
necessary  to  explain  the  measurements  more  fully,  I 

Finally,  we  have  studied  the  behavior  of  the  dc  I-V  i 

curves  near  the  critical  current  when  our  high-quality  i 

junctions  are  irradiated  with  low  laser  power.  The  dynamic  j 

resistance  of  the  voltage  onset  is  considerably  reduced  as 
the  critical  current  is  depressed.  This  behavior  may  be 
important  in  understanding  the  performance  of  junctions  like 
' ours  when  used  as  mixers  with  external  local  oscillators. 

Tne  results  of  our  experiments  suggest  a number  of 
interesting  questions  which  need  further  investigation. 

The  excellent  performance  of  the  high-quality  point  contacts 

should  now  be  tested  in  more  practical  coupling  configura-  i 

tions  and  in  the  favorable  heterodyne  mode  of  operation,  , 

As  a more  fundamental  question,  it  would  be  interesting  to 
test  whether  the  characteristic  shape  observed  with  our  I 

"ideal"  junctions  is  also  observed  with  point  contacts  made  j 

from  other  materials,  Tantalum  would  be  particularly  inter-  j 

I 

esting.  It  is  a hard  metal,  as  is  niobium,  and  should 
have  the  necessary  mechanical  properties  to  make  good  point 
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contacts.  Furthermore,  its  lower  would  simplify  an 
investigation  of  the  temperature  dependence  of  the  shape 
of  the  I-V  curves.  On  the  theoretical  side,  it  would  be 
desirable  to  have  an  improved  agreement  with  the  data  for 
the  roll  off  of  the  Josephson  effect  above  the  gap.  This 
might  require  a more  realistic  treatment  of  the  source 
impedance  and  the  inclusion  of  nonequilibrium  effects.  An 
improved  model  might  also  give  a better  description  of  the 
characteristic  shape  of  the  I~V  curves  of  our  high-quality 
junctions.  It  is  our  hope  that  the  reproducible  and  con- 
sistent behavior  of  junctions  like  ours  will  help  stimulate 
the  search  for  such  a model. 
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